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4OP-AmDH First set of native AmDHs active towards 4-oxopentanoic acid (152) 

AADH Amino Acid Dehydrogenase 

ADO Assembly of Designed Oligonucleotides 

AmDH Amine Dehydrogenase 

ANR French National Research Agency 

API Active Pharmaceutical Ingredient 

ASMC Active Site Modeling and Clustering 

ASMC1 Restricted set of nat-AmDHs 

ASMC2 Enlarged set of nat-AmDHs 

ATP Adenosine triphosphate 

AUC Analytical UltraCentrifugation  

BASF Baden Aniline and Soda Factory  

BLASTP Basic Local Alignment Search Tool Program 

BVMO Baeyer-Villiger Monooxygenase 

BzCl Benzoyl chloride (221) 

CAST Combinatorial Active Site Saturation Test 

CEA French Alternative Energies and Atomic Energy Commission  

COMPASS 
Comparison of Multiple Protein Alignments with Assessment 

of Statistical Significance 

CPD Computational Protein Design 

C-ter C-terminal 

CX ketone Ketone chain with X carbon atoms 

DIAMOND Double Index Alignment of Next Generation Sequencing Data  

DMS Deep Mutational Scanning 
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DMSO Dimethyl sulfoxide (204) 

DNA  Desoxyribonucleic acid 

Dnase Desoxyribonuclease 

dNTP Deoxynucleotide triphosphate 

DoE Design-of-Experiments 

DSF Differential Scanning Fluorimetry  

eDNA Environmental desoxyribonucleic acid 

ee Enantiomeric excess 

EFI-EST Enzyme Function Iterative-Enzyme Similarity Tool  

EM Electron Microscopy 

epPCR Error-prone Polymerase Chain Reaction 

eq. Equivalent 

ERED Ene-reductase  

EtOAc Ethyl acetate  

FDAA 1-fluoro-2-4-dinitrophenyl-5-L-alanine (227) 

FDH Formate dehydrogenase 

FRESCO Framework for Rapid Enzyme Stabilization Computational Libraries 

FRISM Focused Rational Iterative Site-Specific Mutagenesis  

G1 Group 1 from ASMC1 

G2 Group 2 from ASMC1 

G3 Group 3 from ASMC1 

G4 Group 4 from ASMC1 

G5 Group 5 from ASMC1 

GC Gas Chromatography 

GC-FID Gas Chromatography equipped with a Flame Ionization Detector 

GC-HS-MS  Gas Chromatography equipped with a HeadSpace Module and Mass Detection 

GC-MS Gas Chromatography equipped with a Mass detection  

GDH Glucose Dehydrogenase 

GDH-105 Glucose Dehydrogenase from Candida boidinii  

GFP Green Flurorescent Protein 

GluDH Glutamate dehydrogenase 

GM3 
Automated evolution devices GENEMAT (version GM3), technology developed by 

the CEA in collaboration with ALTAR 

GSK GlaxoSmithKline 

GSK_IRXX IRED collection from GSK reported by Roiban et al. (2017) 
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GST Glutathione S-transferase 

HEP Heptan-1-amine (213) ligand in Chapter III, I.5.5.2 

HMM Hidden Markov Model 

idX/covX X% identity over X% of the sequence length 

IGC Integrated Gene Catalog 

INRAE National Research Institute for Agriculture, Food and the Environment 

IPTG Isopropyl β-D-1-thiogalactopyranoside (250) 

IRED Imine reductase 

ISM Iterative Saturation Mutagenesis 

I-TASSER Iterative Threading ASSEmbly Refinement 

ITCHY Incremental Truncation for the Creation of Hybrid 

kcat Catalytic Constant (turnover number) 

KM Michaelis-Menten constant 

L2BMS Laboratory of Bioremediation, Biocatalysis and Synthetic Metabolism 

LABGeM Laboratory of Bioinformatics Analyses for Genomics and Metabolism 

LAMA Local Alignment of Multiple-Alignments  

LB  Luria Broth 

LCOB  Laboratory of Chemistry and Biocatalysis 

LeuDH Leucine Dehydrogenase 

LGBM Laboratory of Genomics and Biochemistry of Metabolism 

LIC Ligation Independent Cloning 

LOD Limit Of Detection 

LysEDH Lysine Dehydrogenase 

MAGE Multiplex Automated Genome Engineering 

MaIAGE Applied Mathematics and Computer Science, from Genome to Environment 

MAO Monoamine oxidase 

MATOU Marine Atlas of Tara Oceans Unigenes 

MD Molecular Dynamic(s) 

MTBE Methyl tert-butyl ether 

METdb Marine Eukaryotes Transcriptomes 

MMS Microfluidic Modulation Spectroscopy  

MS Mass 

w/v Ratio weight/volume 

NAD NAD+ ligand in Chapter III, I.5.5.2 
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NAD+ Nicotinamide adenine nucleotide (oxidized form) 

NADH Nicotinamide adenine nucleotide (reduced form) 

NADP NADP+ ligand in Chapter III, I.5.5.2 

NADP+ Nicotinamide adenine nucleotide phosphate (oxidized form) 

NADPH Nicotinamide adenine nucleotide phosphate (reduced form) 

nat-AmDH native Amine Dehydrogenase 

NCBI National Center for Biotechnology Information 

NExT Nucleotide Exchange and Excision Technology  

NMR Nuclear Magnetic Resonance 

NTA Nitriloacetic acid  

N-ter N-terminal 

OA Ornithine Aminomutase from Clostridium Sticklandii 

OD Optical Density 

OmniSEC Gel permeation and size exclusion chromatography 

OM-RGC Ocean Microbial Reference Gene Catalog 

OpDH Opine Dehydrogenase 

P5A Mutation of the residue located at P5 position of nat-AmDHs in Ala 

P8A Mutation of the residue located at P8 position of nat-AmDHs in Ala 

PCR Polymerase Chain Reaction 

PDB Protein Data Bank 

PEN Pentan-1-amine (211) ligand in Chapter III, I.5.5.2 

Pfizer_IRXX IRED collection from Pfizer reported by France et al. (2018) 

PheDH Phenylalanine Dehydrogenase 

PLP Pyridoxal phosphate (243) 

PROSS Protein Repair One Stop Shop  

RACHITT Random Chimeragenesis on Transient Templates 

RCSB Research Collaboratory for Structural Bioinformatics 

REAP Reconstructed Evolutionary Adaptative Path methodology  

RedAm Reductive Aminase 

RGN Recurrent Geometric Network 

RMSD Root Mean Square Deviation 

RMSF Root Mean Square Fluctuation  

Roche_IRXX IRED collection from Roche reported by Wetzl et al. (2016) 

rpm Rotation per minute 
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RT Room temperature 

SDM Site-Directed Mutagenesis  

SDS-PAGE Sodium dodecyl sulfate polyacrylamide gel electrophoresis 

SeSaM Sequence Saturation Mutagenesis  

SHIPREC Sequence Homology Independent Protein Recombination  

SPM Short Path Map  

SSN Sequence Similarity Network 

StEP Staggered Extension Process  

STY Space Time Yield 

SUMO Small Ubiquitin-like Modifier 

T50
30 

Temperature at which enzyme activity is reduced to 50% after a 30-min heat 

treatment 

TA Transaminase 

TB Terrific Broth 

Tm Melting temperature 

TON Turnover number 

tRNA Transfer ribonucleic acid  

TTN Total Turnover Number 

UHPLC Ultra-High Performance Liquid Chromatography 

UHPLC-MS Ultra-High Performance Liquid Chromatography equipped with Mass detection 

UHPLC-UV  
Ultra-High Performance Liquid Chromatography equipped with a Ultraviolet 

detection 

UMR Unité Mixte de Recherche 

UV Ultra Violet 

v/v Ratio volume/volume 

WT Wild-type 

 

Amino acids are indicated using their three-letters denomination (Ala, Glu, Phe, etc.) except 

when corresponding to specific residues in a protein sequence for which they are indicated as their 

single-letter denomination followed by the residue position (K68, E108, etc.). Mutations are indicated as 

AXB with A, the native amino acid, X, its position in the protein sequence and B, the amino acid after the 

mutation. 

The structure and numbering of the molecules mentioned in Chapter I, II, III and IV are given in Appendix 

1. 
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INTRODUCTION 

 

In order to address the global challenges that our society is currently facing, including climate 

change and environmental degradation, governments and scientific boards often set up new regulations 

and list of goals to ensure a more sustainable future for all. More addressed to the chemical industries, 

the twelve principles of Green Chemistry set limits on the “design of chemical products and processes 

to reduce or eliminate the use and generation of hazardous substances” (Anastas & Eghbali, 2010; 

Horváth & Anastas, 2007). More recently, the United Nations adopted The Sustainable Development 

Goals as 17 interlinked goals to be achieved by 2030 (United Nations website). In a comment in Nature 

Catalysis, Kristala L. J. Prather discussed the contribution of engineered enzymes and organisms and 

more generally biocatalysis to address seven of these goals including “Responsible consumption and 

production”, “Life below water” or “Affordable and clean energy” (Prather, 2020). Biocatalysis, i.e. the use 

of enzymes for synthetic purposes, offers many benefits as compared to conventional chemistry. One 

can cite their capacity to operate at nearly ambient temperature and pressure conditions in aqueous 

environments and to prevent the excess use of unsustainable transition metals and complexes or 

hazardous solvents. Enzymatic systems can also provide high reactive selectivity and specificity that 

enable to decrease the number of steps in the process. 

Biocatalysis is already involved into industrial synthetic pathways of key molecules whether in 

material [acrylamide (1)], pharmaceutical [Sitagliptin (2)], fine chemical [Vanillin (3)], fragrance 

[Nootkatone (4)] or even food industries [Aspartame (5)] (Bell et al., 2021). The introduction of enzymatic 

processes in the chemical industry offers the possibility to completely rethink the synthetic pathways 

currently designed around the constraints of conventional chemistry (Devine et al., 2018). 

The amine function stands as a recurrent moiety in pharmaceuticals, agrochemicals as well as in 

fine and bulk chemicals (Chapter I, II.1). Hence, the reductive amination of carbonyl-containing 

compounds appeared in the top 5 of the most aspirational reactions for the industries according to 

Constable et al. in 2007 (Constable et al., 2007) and represented 5.3% of all reactions of the medicinal 

chemist’s toolbox according to Roughley and Jordan in 2011 (Roughley & Jordan, 2011). Therefore, it 

was considered important to find greener processes to perform such a significant reaction, for example 

employing enzymes such as amine dehydrogenases (AmDHs) or other catalytically similar enzyme 

families as described in Chapter I. 
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The AmDH project started in 2015 in the former Laboratory of Organic Chemistry and 

Biocatalysis (LCOB) now renamed as the Team of Biocatalysis within the Laboratory of Bioremediation, 

Biocatalysis and Synthetic Metabolism (L2BMS). This team aims to discover new biocatalysts, mainly 

among genomic and metagenomic resources, characterize them to demonstrate their potential for 

synthetic applications. A focus is done on enzymatic reactions challenging in conventional chemistry and 

enzymes for which none or only few are reported. The philosophy is to actively participate at the 

expansion of the biocatalysis toolbox for chemistry, while taking advantage of the specific expertise of 

the Unité Mixte de Recherche (UMR) Genomics Metabolics. At the time, only two native enzymes were 

described with an AmDH activity but without associated gene and very poor enantioselectivity (Itoh et 

al., 2013; Wang & Fang, 2013; Wang 2016) and Bommarius and co-workers described the first 

engineering works on Amino Acid Dehydrogenases (AADHs) to create proper AmDH activity (Chapter I, 

II.2.4.1 and II.2.4.2). Within this context, the team bet on the discovery of native sequences within 

biodiversity that would give access to new templates for the synthesis of various amines. As deeply 

described in Chapter I, II.2.6, the first sets of native AmDHs (nat-AmDHs) were reported during the PhD 

projects of Ombeline Mayol and Adam Caparco but these lacked notably in active site diversity that 

translated into a rather limited substrate scope. The general goal of my PhD project was then to provide 

this missing diversity through structure-guided approaches and either protein engineering or 

biodiversity mining.  

Chapter I first introduces the approaches in enzyme discovery, evolution or design followed by 

a comprehensive but not exhaustive description of the biocatalytic solutions for reductive amination, 

that have greatly expanded during the last two decades. This chapter enables to put our strategy into 

the context of what is currently done for the biocatalytic amine synthesis. 

A deeper structural analysis and partial mechanism “resolution” of the native AmDH family are 

provided in Chapter II along with a complementary characterization of their biocatalytic potential in the 

reductive amination of key carbonyl substrates. A very preliminary study of the reductive sulfidation 

activity of some AmDHs is also described at the end of this Chapter.  

Several approaches of evolution were undertaken to improve the AmDH activity with a focus 

put on the expansion of their substrate scope. Described in Chapter III, it comprises site-directed 

mutagenesis on two identified hot spots for active site enlargement, in vivo evolution using the 

automated devices available at the Genoscope and eventually the attempts to form an AmDH chimera 

that would combine both (thermo)stability and activity on carbonyl substrate free from any functional 

requirement.  
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Using all these acquired structural and biochemical knowledge on the native AmDHs, a deep 

exploration of genomic and metagenomic resources and selection of novel native sequences are 

described in Chapter IV. Ultimately, this could result in the discovery of AmDHs natively bearing target 

features of enlarged active site to accept a broader range of both carbonyl and amine substrate as well 

as reverse stereoselectivity.  

Except when indicated, I was actively involved in all the studies and experiments described in 

this manuscript. All the experimental protocols are detailed in the Experimental section.  
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CHAPTER I 

Introduction to strategies for discovery and improvement 

of enzymes, state-of-the-art of the biocatalytic synthesis 

of amines 

I. Strategies for research and improvement of biocatalysts 

The research in biocatalysis has always been driven by the necessity to find increasingly efficient 

biocatalysts to conduct given chemical reactions and be competitive against conventional chemistry in 

a challenging global economic context. From the enzyme discovery to the application in large-scale 

synthesis of the product of interest, multiple steps require the involvement of diverse expertise (Figure 

1) (Wiltschi et al., 2020). In this part, the light is shed on the enzyme discovery, selection and engineering 

steps.  

 

Figure 1. Schematic research steps in biocatalysis from enzyme discovery to product recovering. The steps labeled 

in bold are described in this manuscript. E = enzyme; R1 = reactant 1; R2 = reactant 2; P = product. Inspired by 

Wiltschi et al., 2020. 

The number of approaches has multiplied over the years and can be sorted in three categories: the 

discovery of native enzymes within the biodiversity, the improvement of the already reported sequences 

and the de novo enzyme design. These are described in this part as a non-exhaustive list of approaches 

and techniques reported thus far. 

I.1 Discovery of novel enzymes 

With the increasing sequencing capacities, new enzyme sequences can be retrieved in a growing 

number of resources from the fields of genomics (Zaparucha et al., 2018) to metagenomics (Handelsman, 
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2004), metatranscriptomics (Warnecke et al., 2009), (meta)proteomics (Verberkmoes et al., 2009) or 

metabolomics (Dunn et al., 2013).  

I.1.1 Activity-based strategies 

Traditionally, enzymes were isolated after enrichment selection of microorganisms by growth 

under limiting conditions followed by sequential purification steps. First being time-consuming and not 

highly successful, it was greatly simplified by approaches based on enzyme overexpression thanks to the 

development of recombinant desoxyribonucleic acid (DNA) techniques. To access the enzymes of the 

larger part of non-cultivable organisms, the complete genomic DNA of complex environments has led 

to the generation of metagenomes libraries. The latter can be screened by activity-based assays that rely 

on the identification of clones that exhibit a particular phenotype e.g. antibiotic resistance, colorimetric 

or fluorometric features. Despite being limited to reactions that can be screened rapidly with sometimes 

the need of specific high-throughput screening equipment, the activity-guided screening is still one of 

the most effective methods for sequence-independent enzyme discovery (Robinson et al., 2021). This is 

also permitted thanks to the sequencing of entire metagenome libraries that can be carried out in 

increasingly reasonable price and timelines (Behrens et al., 2011). It has been extensively used for the 

expansion of industrially relevant enzyme families such as lipases or cellulases (Berini et al., 2017). 

I.1.2 Sequence-based strategies 

I.1.2.1 Sequence retrieval 

I.1.2.1.1 PCR-based strategies 

The polymerase chain reaction (PCR) is a method to amplify specific DNA segments. PCR-based 

research strategies enable the retrieval of proteins of interest using degenerate primers for the 

amplification of conserved gene domains, particularly from environmental DNA (eDNA). These are highly 

sensitive, relatively inexpensive and can be used in high-throughput screenings when using pooling and 

deconvolution steps (Hrvatin & Piel, 2007; Owen et al., 2013). However, the method itself relies on the 

conservation of DNA patterns in target sequences and are not adapted to detect novel enzyme folds 

(Robinson et al., 2021) and amino acid sequences with low homology compared to activity-based 

strategies. These methods are still highly applicable in metagenome exploration and were, for example, 

used for the discovery of new laccases from marine samples. The primers were designed and 

degenerated to target the conserved copper-binding site region of laccases (Fang et al., 2011).  
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I.1.2.1.2 Sequence similarity-based strategies 

Unlike the previously described method, one of the most popular discovery strategies relies on 

the overall sequence similarity of target sequences with reference enzymes exhibiting the activity of 

interest. The exploration is conducted within public genomic databases (UniprotKB, GenBank, etc.) by 

feeding an alignment tool such as Basic Alignment Search Tool (BLAST) (Altschul et al., 1990; Boratyn et 

al., 2013) or Double Index Alignment of Next Generation Sequencing Data (DIAMOND) (Buchfink et al., 

2015) with reference enzyme sequences as queries for pairwise protein sequence alignment. The 

sequences retrieved can then be partitioned according to their sequence similarity, phylogeny, genomic 

context or structural features to afford a more comprehensive view of the family and help the selection 

of representative sequences of hypothesized iso-functional groups. This strategy is particularly efficient 

to find enzymes with similar catalytic activity with the query sequences but displaying higher stability, 

switching in stereoselectivity or complementary substrate scopes (Pyser et al., 2021; Zaparucha et al., 

2018). Among a wide variety of examples, one can note the work done on the nitrilase family (O. Kaplan 

et al., 2006; Ondřej Kaplan et al., 2013; O'Reilly & Turner, 2003; Vergne-Vaxelaire et al., 2013; Salwan et 

al., 2021). This strategy is the one used by the cloning and screening platform of biocatalytic activities 

of the UMR Genomics Metabolics and has used for the discovery of AmDHs among biodiversity 

described in Chapter I.  

I.1.2.1.3 Key motif-based strategies 

Enzyme families gather enzyme sequences sharing characteristic domains or conserved 

sequences. InterPro database provides such information with a functional analysis of proteins based on 

a classification into motif families, domain and important sites prediction including Hidden Markov 

Model (HMM). Compared with the sequence similarity strategies, these shared protein signatures can 

be used for the discovery of new enzymes harboring the essential motifs/residues of the (super)family 

they belong but with higher dissimilarity with the already known enzymes (Zaparucha et al., 2018). The 

approach can target either a cofactor binding site, binding residues or the active site residues. One can 

cite the seminal work on the identification of novel Baeyer-Villiger monooxygenases (BVMOs) based on 

the protein sequence motif [FXGXXXHXXXW(DP)] reported by Fraaije et al. (Fraaije et al., 2005).  

I.1.2.1.4 Profile-sequence-based strategies 

Multiple sequence alignment can be used to determine a sequence profile that would attest the 

amino acid frequencies. The definition of a sequence profile has led to a great improvement in the 

sensitivity of the profile-sequence comparison methods over sequence-sequence ones for the protein 

homology detection. Subsequently, several programs have been developed based on profile-profile 

comparisons to enable an even greater sensitivity in homology recognition [Local Alignment of Multiple-
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Alignments (LAMA), PROF_SIM,  Comparison of Multiple Protein Alignments with Assessment 

of Statistical Significance  (COMPASS)] (Söding, 2005). The HMM profiles consider the amino acid 

frequencies, as other simple sequence profiles, but also include position-specific probabilities for 

insertions and deletions along the alignment. This search strategy is particularly useful for the 

identification of more remote homologs as illustrated by the discovery of new glycosyltransferase genes 

in genomes combining HMM profiles and fold recognition strategies (Hansen et al., 2010; Robinson et 

al., 2021). Inherently to its encoding, HMM search (Söding, 2005) is much quicker than a traditional 

pairwise sequence comparison, even if DIAMOND BLASTP (Buchfink et al., 2015) has recently provided 

much quicker BLAST-type approaches.  

I.1.2.2 Retrieved sequences analysis and partitioning 

I.1.2.2.1 Phylogenetics 

Phylogenetic trees are commonly used tools to represent the relationship between homologous 

proteins and the changes that occurred during their evolution (Pyser et al., 2021; Rokas, 2011) (Figure 

2). The analysis of the tree can lead to the discovery of uncharacterized enzymes gathered in a distinct 

phylogenetic clades compared to the already characterized catalysts and are therefore likely to feature 

new functions, substrate scope, etc. The phylogeny of an enzyme family can also allow the researchers 

to “move back in time” to identify and reconstruct ancestral protein sequences that are often postulated 

to afford higher (thermo)stability and substrate promiscuity (Pyser et al., 2021; Siddiq et al., 2017; 

Wheeler et al., 2016). 

 

Figure 2. Simplified phylogenetic tree depicting the potential of this approach to reach ancestral enzymes and new 

modern enzymes. Adapted from Pyser et al., 2021. 

 

I.1.2.2.2 Sequence Similarity Network 

Sequence similarity network (SSN) tool was first described in 2003 to overcome the limit of 

phylogenetic representation for large protein families (Shannon et al., 2003; Pyser et al., 2021). It allows 

the visualization of relationships among large sets of protein sequences in two steps: an all-by-all BLAST 

alignment followed by the sequences filtering into clusters using web-based tool Enzyme Function 
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Iterative-Enzyme Similarity Tool (EFI-EST) (Gerlt et al., 2015) and the free-to-download software 

Cytoscape (Shannon et al., 2003). The nodes represent a protein sequence or group of sequences that 

are connected by edges corresponding to a user-defined similarity threshold (Figure 3). This approach 

is particularly useful when looking for new enzymes from families with a limited number of characterized 

proteins as illustrated by the work of Fisher et al. for the identification of novel flavin-dependent 

halogenases (Fisher et al., 2019) and Copp et al. with the nitroreductase superfamily (Copp et al., 2018) 

(Figure 3).  

 

Figure 3. Sequence Similarity Networks of the nitroreductase superfamily. The network displays 5995 nodes 

gathering the sequences sharing > 50% identity. Edges correspond to an E-value threshold of 1 x 10-22. Nodes 

containing characterized biochemical or physiological functions are colored and labeled. Extracted from Copp et al., 

2018. 

 

I.1.2.2.3 Genomic context 

The investigation of the gene context is a less popular approach but remains highly attractive 

especially for natural product biosynthesis. Indeed, the knowledge of the genetic neighborhood of a 

target gene can provide useful information about the enzyme natural substrates, cofactors and activity. 

Zhao et al. reported the structure- and genomic context-based prediction of the substrate scope of 

several structurally characterized enzymes with unknown functions (Zhao et al., 2013). The correct 

assignation of functions to proteins remains one of the greatest challenges that will require tremendous 

efforts in experimental characterization and computational research (Pyser et al., 2021). Analysis of 

genomic context can drastically help in this task, especially in identification of metabolic pathways. Such 

analyses can also be highly effective to search for a particular activity by looking in the neighborhood of 

postulated former or later activities. Tools to classify proteins of a family based on their conserved 

genomic contexts have been developed; one can cite NetSyn created by the Laboratory of Bioinformatics 

Analyses for Genomics and Metabolism (LABGeM) of the UMR Genomics Metabolics. 
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I.1.3 3D structure-based strategies 

I.1.3.1 Protein modeling 

The three dimensional (3D) structure-guided methods need to access 3D structures of both 

query and target sequences. Only a few years ago, this was mainly permitted through structure 

resolution and subsequent homology modeling.  

One of the most popular methods for protein structure resolution consists in the controlled 

precipitation of a concentrated protein solution in a saturating medium containing precipitating agents 

to form crystals of an adequate size for diffraction measurements using X-ray crystallography. However, 

it remains a time-consuming and empirical step with rather poor possibilities of sequence-based 

rationalization (McPherson & Gavira, 2014). On a lesser extent, protein structure can also be obtained 

using Nuclear Magnetic Resonance (NMR) spectroscopy or Electronic Microscopy (EM) (Jonic et al., 2009; 

Takashima, 2006). In 2019, X-ray crystallography and NMR spectroscopy accounted for 89% and 8% of 

the total structures from the Protein Database (PDB), respectively, but Cryo-EM is becoming an 

increasingly attractive method (Schirò et al., 2020). According to the Research Collaboratory for 

Structural Bioinformatics (RCSB) PDB, among the released PDB structures of 2021, 74% were obtained 

from X-ray crystallography, 3% from NMR and 23% from EM (RCSB PDB website).  

If some validated crystallographic data are available for a given enzyme and all the more for a family, it 

is possible to rapidly generate a 3D model by homology with the template  using, for example, the free-

to-access SwissModel website (Waterhouse et al., 2018) or MODELLER software (Fiser et al., 2000; Fiser 

et al., 2003; Martí-Renom et al., 2000; Sali et al., 1993; Webb et al., 2016). 

Prediction of 3D-structure ab initio could also be carried out but with low accuracy, thanks to 

the Iterative Threading Assembly Refinement (I-TASSER) (Yang et al., 2015), an integrated platform based 

on the sequence-to-structure-to-function paradigm, or Rosetta, a fully automated structure prediction 

server  (Ovchinnikov et al., 2018).  In 2021, DeepMind developed a novel protein structure prediction 

algorithm, AlphaFold2, which outperformed any other tool reaching near experimental accuracy (Jumper 

et al., 2021). The code is now open source and an easy-to-use version is available under the name 

ColabFold for accelerated enzyme structure prediction compared to the full AlphaFold2 package (Mirdita 

et al., 2022). All the protein sequences reported in UniprotKB are now supplied with their predicted 3D 

structure. Since the success of AlphaFold2 algorithms, many other ones has been released (Appendix 2). 

Another predictive algorithm was described by AlQuraishi and relies on Recurrent Geometric Networks 

(RGN) to predict protein structures in milliseconds with as high accuracies (AlQuraishi, 2019; Chowdhury 

et al., 2022).  
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Thanks to these models and/or structures, different strategies can be undertaken to search for 

enzymes based on specific part of the enzyme or on the conservation of the overall structures and folds, 

such as PDBeFold (Krissinel & Henrick, 2004). The following paragraph details briefly only the more 

recent ones used for biocatalysis purpose.  

I.1.3.2 Constellation-guided strategies 

This strategy consists in the determination of an active site configuration that allows the reaction 

to proceed and its screening into databases. Some algorithms were reported in this way such as TESS 

and Jess (Barker & Thornton, 2003; Wallace et al., 1997). Later on, Steinkellner et al. optimized the 

approach by considering only a minimum active site required to perform the desired catalytic reaction 

among the characterized enzymes. The nature of the selected residues as well as their position to one 

another are fixed and screened among the available datasets of 3D structures. Ultimately, this can result 

in the discovery of new proteins with similar catalytic function but completely different folds. As a proof-

of-concept of their bioinformatic method, Steinkellner et al. predicted a promiscuous ene-reductase 

activity in two enzymes with comparable activity and binding modes as the Old Yellow Enzymes but with 

an inverted stereopreference (Steinkellner et al., 2014). The patented CatalophoreTM strategy has led to 

the spin-off company Innophore which provides solutions to rapidly identify enzymes with desired 

properties (Innophore website). However one limit is the requirement of a good comprehension of the 

reaction mechanism as well as the role of the active site residues. This strategy was used during my PhD 

project by Dr. Eddy Elisée within the MODAMDH project and is described in Chapter IV, II.4. 

I.1.3.3 Machine Learning/Computationally-aided strategies 

In recent years, machine learning established as the spreadhead for the resolution of the 

relationship between protein sequences, structures and functions. AlphaFold2 algorithms already 

provided great advances in protein structure prediction and >35 machine learning-based methods have 

been reported for protein function prediction (Bonetta & Valentino, 2020; Robinson et al., 2021). 

Although considered as a powerful method, one of the major disadvantages of machine learning is its 

extreme hunger for quantitative and qualitative data that brings the researchers community to share 

their data on public databases. 

I.2 Enzyme improvement 

As mentioned in the introduction of this chapter, another strategy to enrich the catalog of 

enzymes is to modify the corresponding gene sequence to enhance a specific required feature. Various 

approaches have been developed and the pioneer researcher in this field is Pr. Frances Arnold who 

received the Nobel Prize of Chemistry 2018 for her achievement in conducting the first directed evolution 
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of enzymes in 1993 (K. Chen & Arnold, 1993). 

I.2.1 Random mutagenesis strategies 

Random mutagenesis strategies are useful when lacking of structural data or prior directed 

evolution on hypothetically similar enzymes. Several techniques are now well described to randomly 

damage DNA (Packer & Liu, 2015): 

▪ The traditionally used chemical or physical mutagenesis using alkylating or deaminating 

compounds, base analogs or ultraviolet irradiation.  

▪ The use of mutator strains containing deactivated proofreading and repair enzymes to increase 

the rate of errors during DNA replication. To avoid deleterious mutagenesis on the host genome, 

Ravikumar et al. developed an orthogonal in vivo DNA replication system that only mutate the 

target DNA (Ravikumar et al., 2014). 

▪ Error-prone PCR (epPCR) that relies on the low fidelity of DNA polymerases when used under 

non optimal conditions (high magnesium concentrations, manganese supplementation, use of 

deoxynucleotide triphosphate (dNTP) analogs, etc.) during the PCR amplification of the gene of 

interest. Some processes, such as the fusion of the target gene with a Green Fluorescent Protein 

(GFP) reporter can lead to neutral drift libraries devoid of deleterious mutations for protein 

expression (Gupta & Tawfik, 2008).  

▪ Sequence saturation mutagenesis (SeSaM) is one of the most common saturation mutagenesis 

technique (Wong et al., 2004). Developed by Wong et al., it relies on the insertion of the universal 

base deoxyinosine along the target gene to reduce the imbalance in the nucleotide mutational 

bias obtained using epPCR. 

These techniques are rather easy and not expensive to set up for the molecular biology steps but result 

in the generation of large libraries of mutants (105 - 108 variants) that requires (ultra) high-throughput 

screening methods and equipment to discriminate the beneficial mutations (Bell et al., 2021; Packer & 

Liu, 2015).  

I.2.2 Focused mutagenesis strategies 

When prior structural or biochemical data are available within an enzyme family, it is possible to 

rationalize the mutagenesis work by targeting only a limited number of residues in the sequence. This 

allows to drastically reduce the screening effort to 102 – 104 variants but requires substantial prior in 

silico studies with, for example, molecular docking to understand the substrate or cofactor positioning 

and identify the hot spots. Among the various techniques of focused mutagenesis strategies, one can 

site the site saturation mutagenesis (SSM) that uses degenerate codons NNN, NNK or NNS to randomize 
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the mutation on selected hot spots into the 20 natural amino acids (Bell et al., 2021; Packer & Liu, 2015). 

As the number of mutants exponentially increases with the number of randomized sites, a good strategy 

is to only introduce specific amino acid substitutions based on structural rationalization or phylogenetic 

analyses of homologous sequences. Combinatorial active-site saturation test (CAST), introduced by 

Reetz et al. in 2005, consists in the systematic design and screening of active site saturation libraries 

carried out in several rounds to reach a synergistic effect of the combined beneficial mutations (Reetz et 

al., 2005). Another variant method of multi step focused mutagenesis strategies is the Iterative Saturation 

Mutagenesis (ISM) that comprises repeated cycles of multisite saturation mutagenesis and selection of 

the best variants (activity, substrate scope, thermostability, solvent tolerance, etc.). At each round, the 

substituted sites are different until reaching the required improvement of the biocatalyst (Acevedo-

Rocha et al., 2014). The group of Reetz and co-workers coupled an ISM strategy with the monitoring of 

the B factor for variant selection at each round to increase the thermostability of a lipase (Reetz et al., 

2006). 

Various other methodologies have been developed combining the previously described 

strategies with integration of extensive prior studies to keep reducing the number of variants to screen 

such as Focused Rational Iterative Site-Specific Mutagenesis (FRISM) that integrates molecular docking, 

consideration of consensus data with homologous proteins, predicted B-factors, etc. (Li et al., 2020).  

Eventually, site directed mutagenesis (SDM) is the most controlled mutagenesis strategy as it 

allows the modification of a target residue into one specific amino acid leading to only one mutant 

(Carter, 1986). The screening libraries are therefore considerably enlighten but the rate of success 

depends upon a good comprehension of the protein structure. 

I.2.3 Diversification by homologous recombination 

The naturally occurring homologous recombination is a process that can be mimicked to access 

beneficial coupling of mutations through DNA reassortment of a diverse panel of functional genes 

(Packer & Liu, 2015).  

Among the fragmentation-based recombination methods, one of the most popular is the DNA 

shuffling, first described by Stemmer et al. in 1994 (W. P. Stemmer, 1994; W. P. C. Stemmer, 1994). It 

enables the genes fragmentation using a DNA ligase and the random annihilation of the fragments in a 

primer-free PCR reaction. Coco described the related method of Random Chimeragenesis on Transient 

Templates (RACHITT) combining the same desoxyribonuclease (DNase)-mediated genes fragmentation 

with a reassembly protocol using an uracil-containing scaffold for temporary fragments annealing (Coco, 
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2001). Derived newer methods provide a better control of the rearrangement such as the Nucleotide 

Exchange and Excision Technology (NExT) (Müller et al., 2005). 

Homologous recombination can also be performed without any gene fragmentation but by 

working on the PCR protocol. For instance, the Staggered Extension Process (StEP) prematurely 

interrupts the elongation step by heat denaturation to force the incomplete extension products to 

anneal with another template to create a recombination (Zhao et al., 1998). The assembly PCR, also 

known as assembly of designed oligonucleotides (ADO) or synthetic shuffling, uses the multiplication of 

mutation-containing PCR primers that overlap during the extension step until reaching a full-length 

recombinated gene (Stemmer et al., 1995).   

In contrast to the previously described techniques, some recombination methods do not rely on 

sequence homology between the recombinant genes and enable the shuffling of distinct genes, 

especially for protein families with similar function but divergent sequences. It is the case for the 

Sequence Homology Independent Protein Recombination (SHIPREC) (Udit et al., 2003), the Incremental 

Truncation for the Creation of HYbrid (ITCHY) method based on the incremental truncation and fusion 

of two distinct genes (Ostermeier et al., 1999), or the non-homologous random recombination (NRR) to 

introduce substantial rearrangements of domain topology within functional proteins (Bittker et al., 2004; 

Packer & Liu, 2015).  

I.2.4 Computationally-assisted strategies 

Many tools are now available to guide the mutagenesis work for enzyme improvement. To 

support the need for enzymes with improved activity or substrate promiscuity, one can cite the package 

of webservers developed by Damborsky and co-workers. This includes HotSpot Wizard for the design of 

smart variant libraries (Pavelka et al., 2009), CAVER (Jurcik et al., 2018) and CaverDock (Vavra et al., 2019) 

for the analysis of tunnel dynamics and identification of the residues forming tunnel bottlenecks. 

Similarly, Fleishman and co-workers developed the webserver FuncLib for automatic design of multipoint 

mutations for enzyme activity improvement targeting the active site based on phylogenetic analysis and 

Rosetta design calculations (Khersonsky et al., 2018). The reconstruction of ancestral sequences can also 

guide the mutagenesis work for substrate scope expansion as illustrated by Chen et al. on DNA 

polymerases using Reconstructed Evolutionary Adaptative Path methodology (REAP) (Chen et al., 2010). 

More recently, Osuna and co-workers described the use of protein conformation landscapes to generate 

a Short Path Map (SPM) tool to predict distal and active site mutations (Bell et al., 2021; Osuna, 2021). 

To address the problem of protein stability, one of the earliest methodologies was the consensus 

approach using the information provided by alignments with mesophilic enzyme sequences to allow 
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targeted and rapid design of thermostabilized and functional variants as illustrated by the work of 

Lehmann et al. on hydrolases (Lehmann et al., 2000). Nowadays, a large panel of tools based on 

theoretical calculations and predictions are available such as FireProt for the design of thermostable 

multiple-points mutants (Musil et al., 2017) and FireProtASR for reconstruction of ancestral sequences 

(Musil et al., 2020). Damborsky and co-workers also provide SoluProt tool for the prediction of enzyme 

solubility (Hon et al., 2021). Among others, one can cite the Rosetta algorithms-based tools such as 

Protein Repair One Stop Shop (PROSS) for the design of proteins with increased bacterial expression 

and stability (Goldenzweig et al., 2016) or the Framework for Rapid Enzyme Stabilization Computational 

Libraries (FRESCO) (Wijma et al., 2014). 

The homologous recombination experiments described in the previous part can also be 

computationally guided as illustrated by the work of Arnold and co-workers who used the SCHEMA 

algorithm to identify the fragments of β-lactamases to recombine without disturbing the integrity of the 

protein fold (Voigt et al., 2002). 

I.2.5 In vivo evolution 

The in vivo evolution of biocatalysts offer ultra-high-throughput screening platforms (106 - 1010 

variants) applicable to the systems that can relate the catalytic improvement with cell viability. They were 

traditionally carried out through serial transfers of cultures into simple flasks or gel plates but can now 

be implemented into automated devices that will maintain the continuous evolution of the cells (Barrick 

& Lenski, 2013). The set up of such evolution systems is extremely sensible to the stringency of the 

selection pressure and the ability of the host organism to evolve through alternative mechanisms of 

survival (Bell et al., 2021). Hence, they may take years to optimize as it is illustrated in this manuscript 

with the attempt of in vivo evolution of enzymes performing the reductive amination of carbonyl 

substrates. Nonetheless, some key successes were reported such as the evolution of pyrrolysyl-transfer 

ribonucleic acid (tRNA) synthetases for the genetic incorporation of non-canonical amino acids into 

protein sequences (Wang et al., 2001). This in vivo evolution could be coupled to Multiplex Automated 

Genome Engineering (MAGE) to target, as in in vitro focused mutagenesis strategies, specific part of 

sequences and so enhancing the success of in vivo evolution (Wang et al., 2009). MAGE allows 

simultaneous mutagenesis of multiple targeted sites in bacterial genomes using short nucleotides. 

I.2.6 Introduction of non-canonical amino acids 

Although the mutational possibilities within one protein sequence can lead to gigantic mutant 

libraries, these are still “restricted” to the 20 canonical amino acids bearing a limited number of functional 

groups. Thus, the use of an extended amino acid alphabet [selenocysteine (6), pyrrolisine (7), etc.] or the 
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introduction of post-translational modifications, such as phosphorylation, sulfonation or glucosylation, 

currently represent exciting new possibilities for biocatalysis. The strategies to incorporate such 

mutations into unnatural amino acid analogs are not deeply described in this manuscript (Bell et al., 

2021; Kirk et al., 2018; Ravikumar et al., 2015). One notable example is the work of Hoes et al. on a lipase 

from Thermoanaerobacter thermohydrosulfiricus who achieved a 10-fold increasing in enzymatic activity 

through the replacement of Met residues along the enzyme sequence with the norleucine (8) (Hoesl et 

al., 2011). The latter exhibiting a greater hydrophobicity than the natural Met, this could enhance the 

interactions with the hydrophobic lipids. 

I.3 De novo enzyme design and artificial enzyme 

I.3.1 Enzyme design 

Diverse scales of enzyme designs have been reported to access catalytic function that have not 

been found in natural protein scaffolds. The creation of new enzymatic function on demand in protein 

harboring a different fold can be performed using structure-based computational protein design (CPD) 

algorithms. These have been developed for the identification of enzyme sequences that can adopt a 

specific 3D-fold and display desired properties (stability, binding affinity, specificity, etc.). Applied to the 

computational enzyme design, the steps consist in the modeling of a minimum active site of side chains 

required for the reaction and that could accommodate a high reaction intermediate, such as a transition 

state of the molecule of interest, the selection of the scaffold to contain it, the energy optimization of 

the created models and the ranking of the resulting designs. The challenges remain on the ability of CDP 

algorithms to create a binding pocket to accommodate the desired substrate, introduce the appropriate 

catalytic machinery to perform the reaction of interest while maintaining the overall structure integrity 

of the template fold (St-Jacques et al., 2018). A key reported success was the de novo design of Kemp 

eliminases for the proton elimination in the 5-nitrobenzisoxazole (9) (Röthlisberger et al., 2008; 

Zanghellini, 2014). One can also cite the de novo enzyme Syn-F4 which catalyzes the hydrolysis of ferric 

enterobactin (10) in vitro and in vivo (Donnelly et al., 2018). 

I.3.2 Artificial Metalloenzymes  

The design of artificial metalloenzymes is at the interface of biocatalysis and metal catalysis to 

insert novel functionalities in protein and overcome the low efficiency of enzymes towards non-natural 

substrates. Comparably to the abovementioned de novo enzyme design, this approach involves the 

incorporation of a catalytically active metal (complex) in a protein scaffold (Wiltschi et al., 2020). This can 

be performed through the direct insertion of an inorganic metal ion, the supramolecular anchoring of a 

metal cofactor or the covalent binding of a metal cofactor protein. In 2016, Okamoto et al. set up a 
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regeneration system of NADH mimics using an artificial metalloenzyme designed from streptavidin 

variant templates (Okamoto et al., 2016). 

I.3.3 Bioinspired chemistry 

Reversely to the artificial metalloenzyme design that incorporate a desired catalytic site into a 

protein template, some researchers try to mimic the enzyme active site to form a catalytic system with 

the same activity. Prof. Fontecave is one of the French leaders of such a bioinspired chemistry. With his 

team, they used hydrogenases to design metal-free catalytic nanomaterials for H2 production (Le Goff 

et al., 2009). 

I.4 Conclusion on the state-of-the-art on enzyme discovery, improvement and 

design 

The three approaches of enzyme discovery, improvement and design, briefly described in this 

part, comprise a growing number of techniques and variants to have access to increasingly efficient 

biocatalysts for synthetic applications. First relying on the screening of enormous enzyme or variant 

libraries, they progressively integrated computational strategies by taking advantage on the great 

advances in structural prediction and machine learning processes. The next part focuses on the 

biocatalytic solutions available for amine synthesis found thanks to some of the abovementioned 

approaches. 

II. Biocatalytic synthesis of amines 

II.1 Amine compounds 

Amines are ubiquitous in natural compounds as it occurs in amino acids, proteins, living tissues, 

etc. In this paragraph and in this work, we focused on amine as a nitrogen atom having adjacent sp3 

carbon or hydrogens, so it excludes amino acids and derivatives. With a high propensity to form 

hydrogen bonds, they are key intermediates in many fields of chemical industry such as, among others, 

pharmaceuticals, crop protection molecules, detergents, lubricants or polymers. In the drug industry, 

they are estimated to be present in more than 90% of current top-selling or newly approved small 

molecule drugs (Scheme 1). Chiral amines, restricted in this manuscript to “α-chiral amine”, represent 

the major part but the overall market for achiral and racemic amines represent the largest volumes and 

values (Breuer et al., 2004; Nugent & El‐Shazly, 2010; Wu et al., 2021). In the polymer market, they are 

key monomers for the synthesis of polyamides, polyureas or polyepoxydes, highly valuable for 

applications in automotive, aerospace, building or health (Froidevaux et al., 2016).  
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Scheme 1. Structure of some pharmaceuticals and agrochemicals containing an amine function. 

 

In conventional organic chemistry, many routes are available for the synthesis of amine compounds and 

are mainly based on nucleophilic additions or substitutions and reductive reactions. Among the most 

typical ways, we can highlight the nucleophilic substitution of alkyl halides (Br, I or Cl), the reduction of 

nitrogen-containing functional groups (amides, nitriles, nitro, azides) or the reductive amination of 

carbonyl compounds with primary, secondary amines or ammonia. Except for the latter that is our 

reaction of interest for which we intend to find biocatalytic solutions, the chemical synthesis of amines 

is not described in this manuscript. The reductive amination is one of the most versatile and common 

approaches for amine synthesis from a carbonyl-containing substrate (Scheme 2). The iminium 

intermediate formed is reduced by a reducing agent which can also introduce the stereochemistry in the 

case of prochiral ketones. Methods are described with ammonia (11), for example in presence of Ti 

complexes, for the synthesis of primary amines but generally, the amine source is a substituted amine 

RNH2 to form secondary amines and the obtention of the corresponding primary amine requires the 

cleavage of the R moiety. The most popular reducing agents comprise borohydride complexes and 

hydrogenation with hydrogen gas. The stereoselective amine formation requires the use of transition 
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metal (Rh, Ru, Ir and Ti) coupled with chiral ligands or organocatalysis, thus giving rise to multi-step 

processes (Oleg et al., 2019; Ghislieri & Turner, 2014). 

 

Scheme 2. Reductive amination reaction. 

 

The conventional approaches of amine synthesis require the use or go along with the formation of toxic 

and/or dangerous compounds, proceed in large fractions of unsustainable organic solvents and function 

at high temperature and pressure conditions. In a global context of energetic transition, it was therefore 

necessary to set up more eco-friendly and efficient processes for amine synthesis. A good alternative 

was found in catalysis, including in biocatalysis, a field that has been on the rise during the last few 

decades. In the case of chiral amine synthesis, biocatalysis is of particular interest as it generally provides 

higher enantiomeric purity than the conventional chemical processes.  

II.2 Biocatalysts for amine synthesis 

Many biocatalysts are already reported to catalyze the amine formation from five out of the six 

enzymes classes: hydrolases (EC 3.), transferases (EC 2.), isomerases (EC 5.), lyases (EC 4.) and 

oxidoreductases (EC 1.) (Hall, 2021; Mutti & Knaus, 2021). Lipases (EC 3.1.1.3.) naturally catalyze the 

hydrolysis of ester into the corresponding alcohol and acid during the lipolysis and are used for kinetic 

resolution of racemic amines. Baden Aniline and Soda Factory (BASF) has optimized a lipase-catalyzed 

route to optically active amines that can be run at a scale of several thousand tons and led to the 

synthesis of many chiral amines (ChiPros®). Aminomutases (EC 5.4.3.) reversibly exchange a hydrogen 

bond with a neighbor amine function. Ammonia lyases (EC 4.3.1.25/26) catalyze the reversible 

hydroamination of ammonia (11) on a trans double bond located at the α position of an acid to form 

the corresponding amino acid. The most studied class of enzymes for amine formation, the 

transaminases (TA) (EC 2.6.1.X.), can reversibly aminate a ketone acceptor with the transfer of an amine 

function from a donor to the ketone “acceptor” (Gomm & O’Reilly, 2018). They represent one of the 

most well known success stories of biocatalysis usage in industry with the TA-mediated large scale 

synthesis of the anti-diabetic Sitagliptin (2) (Savile et al., 2010; Zawodny & Montgomery, 2022). Other 

examples of all of these biocatalysts are already used or enough performant for the synthesis of natural 

compounds as well as pharmaceuticals, intermediates (Zawodny & Montgomery, 2022) and bulk 

chemicals (Groger, 2019). These alternatives enable to design new synthetic pathways for the 

implementation of more efficient and safer processes in the chemical industry. 
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In this part, the light is shed on the oxidoreductases that represent a key class of enzymes for the amine 

synthesis and comprise the amine dehydrogenases. Therefore, many reviews relate the latest advances 

in this field. Among others, one can cite Cheng et al.(2020), Cosgrove et al. (2018), Patil et al. (2018), 

Vidal et al. (2017), and one from our group (Ducrot et al., 2021). The parts III.5.2, III.5.3 and III.5.4 have 

been largely inspired by this review published in Advanced Synthesis & Catalysis that I have written 

extensively in collaboration with Prof. Grogan and his PhD student, Megan Bennett. Yet, these parts have 

been updated with the latest developments of these families. More details were provided, especially on 

the global shape and active site structure of these enzymes, compared to the non oxidoreductase 

enzyme families as they represent the only examples of NAD(P)H-dependent enzymes that enable the 

asymmetric reductive amination of carbonyl, using an amine donor.  

II.2.1 Monoamine oxidases 

Monoamine oxidases (MAOs) (EC 1.4.3.4) are a class of enzymes catalyzing the oxidation of an 

amine function into the corresponding imine using molecular oxygen along with the generation of the 

hydrogen peroxide H2O2 (12) (Duan et al., 2019). They have been classified into two groups, the 

Cu/TOPA-dependent MAOs (Type I) and the flavin-dependent MAOs (Type II). Originally, the type I was 

not used in biocatalysis as the imine formed stayed covalently bound to the protein. In 2002, Alexeeva 

et al. were the first to report the use of MAO-N from Aspergillus Niger in a new deracemization method. 

The stereoinversion of one enantiomer to the other was achieved by repeated cycles of MAO-N-

mediated oxidation to the imine and its subsequent non selective reduction into the amine until reaching 

a majority of the desired enantiomer (Scheme 3) [Alexeeva et al., 2002; Sablin et al., 1998; Schilling & 

Lerch, 1995 (A); Schilling & Lerch, 1995 (B)].  

 

Scheme 3. Monoamine oxidase-mediated deracemization process of chiral amines. Adapted from Alexeeva et al., 

2002. 

 

This method was applied on the deracemization of 1-phenyl-1-ethylamine (13) for which the wild-type 

(WT) MAO-N displayed a very low activity for the oxidation of either (R) or (S)-enantiomer. The high-

throughput screening of 150,000 variants, based upon the release of 12 and the use of a peroxidase and 
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a highly colored product upon oxidation, led to the top single mutation N336S affording a 10-fold higher 

activity and 80-fold higher selectivity for the (S)-enantiomer as compared to the WT MAO-N. The use of 

MAO-N mutant in the deracemization of (1S)-1-phenylethan-1-amine (14), coupled with the ammonia-

borane (20) complex as the reducing agent, led to the synthesis of (1R)-1-phenylethan-1-amine (15) in 

77% analytical yield and 93% enantiomeric excess (ee). Thereafter, an enormous effort on further directed 

evolution of MAO-N was done to expand its substrate scope. This implied additional rounds of random 

mutagenesis using mutator strain (Carr et al., 2005; Dunsmore et al., 2006), saturation mutagenesis 

libraries targeting residues of the active site pocket and channel (Ghislieri et al., 2013), iterative saturation 

mutagenesis using NDT codon degenerated (Li et al., 2014), epPCR (Li et al., 2012) and homology model-

guided mutagenesis with recombination of positive mutants and family shuffling (Li et al., 2016). Along 

with the number of directed evolution steps, substituents with increasing hindrance on both part of the 

amine could be accepted by MAO-N mutants. Therefore, it enabled the access to key building blocks 

such as 1-(4-chlorophenyl)-(1R)-phenylmethylamine (16) [Levocetirizine® (17)] in 45% yield and 97% 

ee, and (1R)-1-phenyl-1,2,3,4-tetrahydroisoquinoline (18) [(Solifenacin® (19)] in 90% yield and 98% ee 

in the MAO-N D11-mediated deracemization process using the reducing agent 20 (Scheme 4) (Ghislieri 

et al., 2013).  

 

Scheme 4. Synthesis of chiral amine intermediates using MAO-N D11 mutant towards the synthesis of 

Levocetirizine® (17) and Solifenacin® (19). Adapted from Ghislieri et al., 2013. 

 

Another striking reward for this mutagenesis effort was published by Li et al. with the mutant 

MAO-N 401 that was successfully used for the oxidative desymmetrization of 6,6-dimethyl-3-

azabicyclo[3.1.0]hexane (21) in the large-scale production of (1R,2S,5S)-6,6-dimethyl-3-

azabicyclo[3.1.0]hexane-2-carbonitrile (22), a key intermediate in the synthesis of Boceprevir (23) 
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(Victrelis®), in an overall 56% yield with > 99% ee (Scheme 5) (Li et al., 2012; Zawodny & Montgomery, 

2022). Other (S)-monoamine oxidases have been studied, such as the cyclohexylamine oxidase CHAO 

from Brevibacterium oxydans IH-35A and its variants (Leisch et al., 2012; Li et al., 2014). 

 

Scheme 5. MAO-N 401-mediated desymmetrization for the synthesis of a key intermediate in the synthesis of 

Boceprevir (23). Adapted from Zawodny & Montgomery, 2022. 

 

As no (R)-selective monoamine oxidase had been reported yet, in 2014, Yasukawa et al. 

engineered a flavin-dependent porcine kidney D-amino acid oxidase. After several round of saturating 

mutagenesis, the double variant Y228L/R283G displayed the highest activity towards 15 oxidation (18.2 

U mg-1) and further mutagenesis work was done based on the crystal structure obtained from this variant 

to reach a larger panel of (R)-amines (PDB: 3WGT) (Yasukawa et al., 2018; Yasukawa et al., 2014).  

Another (R)-selective amine oxidase was developed by Heath et al. from 6-hydroxy-D-nicotinamide 

oxidase using CASTing approach for directed evolution (Heath et al., 2014). 

MAOs represent a good alternative for the resolution of chiral amines. Nevertheless, the amine 

must be introduced in previous steps. Thus, these enzymes are not appropriate for the formation of the 

amine function, unlike the following types of enzymes which meet the objective of my doctoral work 

that was focused on the amine formation from a carbonyl function, namely the reductive amination. 

Thus, more details of the state of the art of the following enzymes performing reductive amination are 

provided (Afanasyev et al., 2019). 

II.2.2 Pictet-Spenglerases 

The Pictet-Spenglerases were named out the reaction of a β-arylethylamine condensation with 

a carbonyl and the subsequent ring closure discovered by Amé Pictet and Theodor Spengler in 1911. 

Their usage in biocatalysis is limited due to a narrow substrate scope and issues regarding enzyme 

isolation and stability (Roddan et al., 2020). Nonetheless, a strictosidine synthase was recently used in 

the 10-step synthesis of L-strictosidine (24), a natural intermediate in the biosynthesis of numerous 

pharmaceuticals (Anthony et al., 2021; Zawodny & Montgomery, 2022). Applied as a cell free lysate in 
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the final step, the enzyme could convert L-secologanin (25) and tryptamine (26) into the target 24 in 

82% yield on a mg-scale (Scheme 6).  

 

Scheme 6. Strictosidine synthase-mediated Pictet-Spenglerase last step reaction in the total synthesis of L-

strictosidine (24). Adapted from Zawodny & Montgomery, 2022. 

 

The other notable subclass of the Pictet-Spenglerase family is the norcoclaurine synthases which are 

involved in the biosynthesis of tetrahydroisoquinoline (27) by catalyzing the stereoselective C-C coupling 

of dopamine (28) and 4-hydroxyphenylacetaldehyde (29) to form (S)-norcoclaurine (30) (Sangster et al., 

2022). Due to the absence of known Pictet-Spenglerase active towards benzaldehyde (31) and its 

substituted derivatives, Eger et al. developed a strictosidine synthase from Rauvolfia serpentina (RsSTR) 

to enable their condensation with tryptamine (26), using beneficial mutations between different WT 

backbones (Eger et al., 2020). 

II.2.3 Imine reductases and reductive aminases 

This paragraph of the review was mainly written by Megan Bennett and Prof. Gideon Grogan 

but I updated it with the latest developments reported since 2020.  

Imine reductases (IREDs) are NADPH-dependent oxidoreductases that have been shown to 

catalyze the asymmetric reduction of pre-formed prochiral imines (Grogan & Turner, 2016; Mangas-

Sanchez et al., 2017). IREDs represent a good starting point for biocatalytic reductive amination as the 

imine reduction step constitutes the second half of the reductive amination reaction (Scheme 7) and a 

subset of these enzymes, reductive aminases (RedAms), have been shown to also catalyze the imine 

formation reaction. 

 

Scheme 7. General reactions catalyzed by IREDs and RedAms. IREDs catalyze the reduction of imines preformed in 

solution to give optically active amines. RedAms catalyze the formation of the imine from a carbonyl substrate and 
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amine donor and also the reduction of the imine. Extracted from Ducrot et al., 2020. 

 

II.2.3.1 First imine reductases catalyzing the reduction of imines 

Stereocomplementary IREDs from Streptomyces spp. GF3587 and GF3546, with (R)- and (S)-

selectivity respectively for the reduction of 5-methyl-3,4-dihydro-2H-pyrrole (32), were the first 

examples of IREDs used for a synthetic purpose (Mitsukura et al., 2013; Mitsukura et al., 2011). This stable 

imine was more convenient to study than non cyclic imines which are easily hydrolyzed in aqueous 

media. Other IREDs have been mentioned in different biosynthetic pathways as the reduction of C=N 

bond constitutes a physiological reaction leading to various metabolites such as folate (33) (Posner et 

al., 1996), the siderophore yersiniabactin (34) (Meneely & Lamb, 2012) or morphine (35) (Winzer et al., 

2015). Nevertheless, no synthetic application was described due to their very narrow substrate scope 

restricted to these metabolites (Mangas-Sanchez et al., 2017). In 2014, Huber et al. observed, in the 

presence of a large excess of an amine donor [103 equivalents (eq.) of methylammonium buffer at pH 

9.5] and high loadings of the (S)-IRED from Streptomyces sp. GF3546 (Uniprot ID: M4ZS15), 8.8% 

conversions of 4-phenylbutan-2-one (36) to the secondary amine (2S)‐(methylamino)‐4‐phenylbutane 

(37) with 76% ee (Scheme 8) (Huber et al., 2014). The excess of amine donor and high pH were thought 

to favor the formation of an intermediate imine that would be recruited from solution and reduced from 

one prochiral face by the enzyme. 

 

Scheme 8. Example of reaction catalyzed by (S)-IRED from Streptomyces sp. GF3546. Adapted from 

Ducrot et al., 2020. 

The discovery of new IREDs and the exploration of their substrate scope gave rise to further 

observations of reductive amination reactions. (R)-IRED-Sr (Uniprot ID: D2B7Z8), from Streptosporangium 

roseum, was screened for carbonyl reaction scope as well as activity towards different amine donors in 

reductive amination reactions (Scheller et al., 2014; Scheller et al., 2015). In the presence of (R)-IRED-Sr, 

benzaldehyde (31) was transformed to amine products using either ammonia (11) or methylamine (38), 

with conversions of up to 73% for the reaction with 50 eq. of 38. Moreover, incubation of acetophenone 

(39) with 38 gave 39% conversion to the (R)-amine product (1S)-N-methyl-1-phenylethanamine (40) 

with 87% ee using 50 eq. of amine and at pH 9.0, each of which was thought to favor the formation of 



 

55 

 

the intermediate imine in solution. Indeed, NMR studies failed to show accumulation of an imine 

intermediate, suggesting that (R)-IRED-Sr, was remarkably efficient in withdrawing the imine from 

solution for reduction. 

The application of IREDs to the asymmetric reductive amination of ketones was expanded by 

Wetzl et al. at Roche, who screened a library of 28 IREDs (named here Roche_IRXX) for activity with 

various aromatic, aliphatic and cyclic ketones, for the production of either secondary or primary amines 

(Wetzl et al., 2015). It was found that all of the IREDs displayed activity towards at least one ketone, with 

higher conversions typically achieved with 38 as the amine donor, when supplied at 12.5 molar eq. and 

at pH 9.3. The best examples were carried out on 100 mg scale, with the IRED Roche_IR11 (Uniprot ID: 

F4F8G5) converting (3R)-3-methylcyclohexanone (41) and 38 to the (1S, 3R)-3-methylcyclohexan-1-

amine (42) product in 71% yield with 98% de, and hexan-2-one (43) to the (2R)-N-methylhexan-2-amine 

(44) in 55% yield with 96% ee (Scheme 9).  

 

Scheme 9. Some reductive amination reactions of ketones using the IRED collection at Roche. RS = recycling system. 

Adapted from Ducrot et al., 2020. 

 

Again, NMR studies did not reveal significant formation of the imine intermediate in solution. 

Matzel et al. subsequently screened the Roche IRED enzymes and others for additional reductive 

amination reactions using cyclohexanone (45) and indanone (46), among other ketone substrates, and 
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short alkyl amine donors, including secondary amines such as pyrrolidine (47) (Matzel et al., 2017). The 

enzymes Roche_IR14 (Uniprot ID: H6RB67) and IR-Sip (Uniprot ID: L1KNB7) were applied to the synthesis 

of the (R)- and (S)- enantiomers respectively of the anti-Parkinson’s agent rasagiline (48-49) from 46 

and propargylamine (50), the latter supplied at 40 eq. at pH 9.5 (Scheme 9). In this way, (R)- and (S)- 

rasagiline (48-49) were produced in 58% and 81% yields with 90% and 83% ee respectively. Additionally, 

Roche_IR14 enabled the reductive amination of 45 with 3-methylamino-1-propyne (51) to form the 

tertiary amine N-methyl-N-(prop-2-yn-1-yl)cyclohexanamine (52) in 59% yield (Scheme 9). These 

advances were significant in establishing the utility of IREDs in asymmetric reductive aminations, 

however, the reactions were still disadvantaged by their dependence upon a large molar excess of amine 

to favor the non-catalyzed imine formation over its hydrolysis in solution and so creating the substrate 

for IRED-catalyzed reduction. 

 

II.2.3.2 Discovery of the first reductive aminase 

In 2017, an oxidoreductase of the IRED family from the fungus Aspergillus oryzae, AspRedAm 

(Uniprot: Q2TW47), was reported to be the first IRED enabling the reductive amination of ketones with 

amine partners supplied at, or near to, molar equivalence and at neutral pH (Aleku et al., 2017). This 

suggested that this enzyme was both catalyzing imine formation, as well as imine reduction within the 

active site and therefore constituted a true biocatalyst for enzymatic reductive amination reaction. In 

contrast to the previously identified IREDs, the activity of AspRedAm was largely unaffected by pH 

between values of 7.0 and 9.0, indicating that catalysis was not dependent upon the ambient 

concentration of imine formed in solution by abiotic means. AspRedAm catalyzed the reductive 

amination of alicyclic and aliphatic carbonyls of various chain lengths using small amine donors with 

typically higher conversion rates when compared to previously studied IREDs. In some cases, notably 

with 45 and small amines such as allylamine (53) and propargylamine (50), up to 94% conversion to the 

amine product was achieved even at equimolar concentrations of the amine (Scheme 10). The reductive 

amination of 50 mM 45 with two eq. of 38 was carried out on a 100 mg scale using 0.1 mg mL-1 

AspRedAm to give 75% isolated yield of the N-methylcyclohexylamine (54) product. Kinetic studies using 

45 and 38 suggested an ordered sequential Ter bi mechanism in which, following the binding of reduced 

cofactor, ketone and amine were bound sequentially, as had previously been demonstrated for the N-

methyl-L-amino acid dehydrogenase from Pseudomonas putida (Mihara et al., 2005).  A structure of 

AspRedAm in complex with the amine product (R)-rasagiline (48) revealed that the enzymes displayed 

an overall dimer fold similar to that of known IREDs (Figure 4). 
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Scheme 10. Some reductive amination reactions catalyzed by AspRedAm from Aspergillus oryzae using low 

amine:ketone ratios. RS = recycling system. Adapted from Ducrot et al., 2020. 

 

 

Figure 4. Global structure and active site of AspRedAm. (A) Structure of AspRedAm (PDB: 56GS) with monomers A 

and B shown in ribbon format in brown and blue respectively (Aleku et al., 2017). B) Active site of AspRedAm in 

complex with (R)-rasagiline (48). Side chains from monomers A and B are shown in brown and yellow, respectively. 

NADPH and 48 are shown in grey and yellow, respectively. 

 

Each monomer in the dimer features a N-terminal (N-ter) Rossmann fold domain connected to 

a C-ter (C-ter) helical bundle through a long inter-domain helix. A reciprocal domain sharing results in 

the active site being formed at the interface between the N-ter domain of one monomer and the C-ter 

domain of its neighbor. The structure in complex with 48, revealed active site residues in close contact 

with the ligand (Figure 4), and these observations suggested mutations that might alter the activity of 

the enzyme. SDM highlighted the importance of Y177 and D169 in the reductive amination abilities of 

AspRedAm. The mutation of another active site residue, W210, to Ala, resulted in a mutant W210A that 
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displayed a switch in enantioselectivity for the reductive amination of 4-phenyl-butan-2-one (36) with 

allylamine (53) from 30% ee (2R)-4-phenylbutan-2-amine (55) for the WT to 90% (2S)-4-phenylbutan-2-

amine (56). In a recent work, Yang et al. used a structure-guided semi-rational engineering on AspRedAm 

to improve its catalytic performances towards biobased furans (Yang et al., 2021). The top mutant, 

obtained upon W210F mutation, was able to catalyze the reductive amination of a variety of furan 

derivatives, such as furfural (57) and 5-hydroxymethylfurfural (58), with diverse amines yielding good to 

excellent conversions (51 - > 99%), The preparative-scale synthesis of N-propylfurfurylamine (59) was 

achieved with 98% isolated yield (93% purity) leading to a 3200 total turnover number (TTN), five-fold 

higher than those reported in chemical processes. 

II.2.3.3 AspRedAm homologs and further mutational work 

Further mechanistic insight into the reductive amination catalyzed by fungal RedAms was 

provided by structural and mutational studies on the closely related enzyme AtRedAm from Aspergillus 

terreus (Uniprot ID: Q0CCT3) (Sharma et al., 2018). A crystal complex of AtRedAm with 45 and 53, 

achieved through co-crystallization with the redox inactive cofactor analog NADPH4, suggested 

recognition of the carbonyl group by Y183 through a water molecule, and the amine nitrogen by D175 

(Figure 5). 

 

Figure 5. Active Site of AtRedAm (PDB: 6H7P)  in complex with redox-inactive NADPH4, cyclohexanone (45, CYH) 

and allylamine (53, AA) (Sharma et al., 2018). It was proposed that the carbonyl of 45 is activated by the side chain 

of Y183 and that 53 is then activated for attack at the electrophilic carbon of 45. 

 

A mechanism was proposed in which, following sequential binding of the reduced cofactor and 

the ketone, the amine would be deprotonated by D175 and positioned for nucleophile attack to form 

hemiaminal species en route to the imine intermediate, which would then be reduced from one prochiral 

face to deliver the amine product (Scheme 11). 
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Scheme 11. Mechanism proposed for the fungal RedAm-catalyzed reductive amination of a ketone by small amines. 

Residue numbers correspond to those of AtRedAm. Extracted from Ducrot et al., 2020, adapted from Sharma et al., 

2018. 

The Met residue (M244 in AtRedAm) participates in the closure of the active site required for 

iminium stabilization and stereoselectivity through a more constrained cavity. The amine substrate 

spectrum of AtRedAm was also expanded though the mutation I123A which gave a variant displaying 

higher specific activities towards small amines such as 38 or 53 but also towards larger ones such as 

hexan-1-amine (60), pyrrolidine (47) and even aniline (61) which was not transformed with the WT 

enzyme. Fungal RedAms such as AspRedAm and AtRedAm have more recently been applied to the 

transformation of fluoroarylketones such as 2-fluoroacetophenone (62) and 2,2-difluoroacetopheone 

(63) with 11 and small aliphatic amines to give optically active fluoroamine products (González-Martínez 

et al., 2020). Hence AdRedAm from Ajellomyces dermatitidis (Uniprot ID: C5GTJ9) was used for the 

reductive amination of 62 with 38 to give the (1S)-(2-fluoro-1-phenylethyl)-methan-1-amine (64) in 44% 

isolated yield and with 96% ee. Additionally, Finnigan et al. reported the use of AdRedam co-immobilized 

with a glucose dehydrogenase (GDH) in the development of a model-based continuous flow reaction 

system for reductive amination. After the improvements of the conditions of cofactor and amine donor 

53 concentrations and reaction residence time, the system could convert hydrocinnamaldehyde (65) 

into 66 in a 56% isolated yield after 2 h and a Space Time Yield (STY) of 103 g L-1 h-1 (Finnigan et al., 

2020). 

Another fungal RedAm homolog, NfRedAm from Neosartorya fumigatus (Uniprot ID: Q4WDZ8), 

also displayed exceptional activity in the reductive amination of ketones with 11 to give primary amines 
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(Mangas-Sanchez et al., 2020). NfRedAm catalyzed the amination of hexan-2-one (43) with 11 to give 

(2R)-N-methylhexan-2-amine (44) in a STY of 8.1 g L-1 h-1. 

With identified key roles for some residues, mutation work has been carried out on these 

RedAms to expand the ketone and amine scope. In the case of AtRedAm, space was created at the rear 

of the active site through the mutation of Y222 to Ala leading to the acceptance of longer chain aliphatic 

ketones. In this way the conversion in the amination of octan-2-one (67) with 53 was increased from 4% 

to 53% (Sharma et al., 2018). The equivalent mutation H215A in AdRedAm even enabled higher 

conversion of decan-2-one (68). The identified position I123 in AtRedAm proved to be a key position to 

extend amine range, as evidenced by the increased specific activities of the mutant I123A for both small 

(11, 38) and bulkier amines [(hexan-1-amine (60), pyrrolidine (47), aniline (61)] (Sharma et al., 2018). 

In a recent work, Li et al. used a structure-guided genome mining approach reported a set of 

new RedAms selected for their highly conserved substrate-binding and catalysis motif alignment with 

AspRedAm (Li et al., 2021). The activity of the five resulting enzymes (RsRedAm, SimRedAm, KfRedAm, 

MtRedAm and AmtRedAm) was tested for the transformation of 45 into a panel of primary and 

secondary amines and compared to AspRedAm performances in the same conditions. Notable increase 

in activity compared to AspRedAm towards 45 was obtained with RsRedAm displaying 6.2 and 2.5-fold 

higher activity when supplied with 38 and cyclopropylamine (69), respectively. Eventually, MtRedAm 

achieved a 100 mg scale production of N-cyclopropylcyclohexylamine (70) with a STY of 64.2 g L-1 d-1. 

Conversion assays for the synthesis of 1-(4-fluorophenyl)propan-2-amine (71) in presence of 11 resulted 

in 49% conversion and 75% ee for the (S)-enantiomer (72) with KfRedAm while NfRedAm and 

NfisRedAm, the only reported RedAm for this substrate, gave 76% and 29% conversion in 40% and 18% 

ee for the opposite (R)-enantiomer (73), respectively (Mangas-Sanchez et al., 2020). 

II.2.3.4 Imine reductases and reductive aminases collections 

The description of reductive aminase activity in fungal enzymes such as AspRedAm and 

AtRedAm has prompted further screening of enzyme libraries for similar activity, in some cases by 

industrial groups. Roiban et al. at GlaxoSmithKline (GSK) screened 85 IRED homologs (named here 

GSK_IRXX) for reductive amination activity at pH 7.0 using amine:ketone ratios of 1:1 and including 

especially arylamines as substrates (Roiban et al., 2017). Several candidate enzymes (particularly 

GSK_IR01 and GSK_IR49) catalyzed the coupling of 45 with both aniline (61) and benzylamine (74) with 

analytical conversions up to 99% and 74% respectively, extending the known substrate range of 

enzymatic reductive amination reactions.  
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A further screen of a library of 48 IRED-related sequences (corresponding enzymes named here 

Pfizer_IRXX) from bacteria was performed by France and colleagues at Pfizer, for enzymes that enable 

the reductive amination at low amine:ketone ratios (France et al., 2018). Interestingly, several homologs 

were described to catalyze the coupling of 45 with pyrrolidine (47) to form the tertiary product 1-

cyclohexylpyrrolidine (75) in up to 99% conversion. The enzymes proved amenable to the catalysis of 

scaled-up reactions, with Pfizer_IR44 (Uniprot ID: X6HB51) catalyzing this same reaction on a 625 mg 

scale to give 75 in 71% isolated yield. Notably, none of these IREDs gave significant conversions with 

11, although Pfizer_IR66 afforded 20% conversion to product.  

In an IRED collection from Pfizer, IR007 was used and improved by multiple iterations of site 

saturation mutagenesis on 98 positions by Duan et al. to access a key intermediate to PF-06873600, a 

cyclin-dependent kinase 2/4/6 inhibitor, after reductive amination of the corresponding hydroxyketone 

(76) with benzylamine (74) (Duan et al., 2022). Eventually, IR007-143 could achieve 43% conversion (35% 

isolated yield), 98.4% ee with 50 g L-1 substrate concentration and 2.5 wt % enzyme loading after 20 h at 

30°C (Scheme 12).  

 

Scheme 12. Synthesis of (2R)-(phenylamino)-(1R)-methylcyclopentan-1-ol (77) by reductive amination using IR007-

143 mutant. Adapted from Duan et al., 2022. 

Further work from researchers at Johnson-Matthey reported a study of 95 IRED sequences 

(corresponding enzymes named here JM_IRXX) including homologs from bacteria, fungi and plants 

(Montgomery et al., 2020). The study unearthed further enzymes, such as JM_IR23, with improved activity 

for the reductive amination of 45 with only two eq. of aniline (61). Homology modeling led to the 

identification of residues potentially interacting with substrate/product. However, mutation work or in 

silico analysis (residues 170, 176, 180, 210 and 244, AspRedAm numbering) did not reveal critical 

determinants for activity towards specific substrates, except for a possible role of residue 244 in catalysis 

and selectivity following the slight increased conversion obtained with 61 with the mutant F246L 

(equivalent to position 244 of AspRedAm) in JM_IR48.  

The industrial screening have led to more substantial studies of the scalable applications of IRED 

homologs for reductive amination reactions. Dominguez et al. at Johnson Matthey used a Design-of-
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Experiments (DoE) approach to improve the reductive amination of 45 with cyclopropylamine (69) to 

give a process that gave a 90% isolated yield of product at substrate concentration of 750 mM and 

volumetric productivity of 12.9 g L-1 h-1 (Bornadel et al., 2019). Workers at GSK reported the application 

of GSK_IR46 from Saccharothrix espanaensis (Uniprot ID: K0K1B1) to the synthesis of the lysine-specific 

demethylase-1 inhibitor GSK2879552 precursor (78) from aldehyde (79) and racemic trans-2-

phenylcyclopropanamine mandelic acid salt (80) (Scheme 13) (Schober et al., 2019). 

Using the WT enzyme, a 43% isolated yield of the product with 99.9% ee was obtained in a 5 g 

reaction. Significantly, this process was then optimized through three rounds of in vitro directed 

evolution of the GSK_IR46 enzyme for process suitability and efficiency. The third round of evolution led 

to the variant M3 with a specific activity 13-fold improved over the WT GSK_IR46 and with a melting 

temperature (Tm) of 70ºC versus 41ºC for the WT. This variant was applied to a 20 L scale 

biotransformation yielding 1.4 kg of the product in 84.4% isolated yield and with 99.7% ee (Scheme 13). 

 

Scheme 13. Synthesis of lysine-specific demethylase-1-inhibitor GSK2879552 precursor (78) by reductive amination 

using mutant ‘M3’ of IRED GSK_IR46 acquired by directed evolution. The amine substrate 80 is resolved during the 

enzymatic process. Adapted from Ducrot et al., 2020. 

 

Additionally, Zhan et al. used a rational cavity design and a CAST strategy to find an IRED mutant 

applicable for the synthesis of the building block compounds azacycloalkylamines [precursor of 

Linagliptin (81), Alogliptin (82), etc.] (Zhang et al., 2022). IR-G36 was selected as the scaffold for 

mutations after a screening of a panel of 86 IREDs (IR-G01-85 and AspRedAm) against N-Boc-3-

piperidinone (83) with the use of benzylamine (74) as the co-amine substrate. The final variants, IR-G36-

M5 (N121T/S260F/F207I/M238A/M264H/A267H/L197I/N271K/ H189A/G145K) was able to perform the 

conversion of a range of large and complex azacycloalkylamine derivatives in industrial conditions of 

substrate loading (up to 47 g L-1), conversions up to > 99% and > 99% ee towards the formation of (R)-

enantiomers as compared to the 8% conversion 78% ee obtained with the WT enzyme in the initial 

selection screening. 
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II.2.3.5 Imine reductase improvement through machine-directed evolution 

In a recent work, Ma et. al wanted to compare a machine-directed evolution approach to more 

conventional strategies such as deep mutational scanning (DMS) and epPCR (Ma et al., 2021). By using 

a genome mining strategy relying on HMM profiles, they selected the WT IRED (IRED-88) that performed 

the best in the reductive amination of the Cbz-protected 3-oxopyrrolidine (84) with 38 and was still 

challenging for the improvement of both catalytic efficiency and enantioselectivity (70% conversion, 30% 

ee). The results obtained from the 10 000+ mutants of the DMS and epPCR approaches served as a 

training set for machine-directed evolution and a structure guided machine-directed evolution, the latter 

focusing on a set of top active mutants according to the location of their mutated sites whether in the 

active site, the neighboring of the active site and distal to the active site. Eventually, all these approaches 

led to the design of at least one beneficial variant displaying high conversion and high (R)-

enantioselectivity from a highly reduced set of variants to test (less than 100 variants vs thousands), with 

the structure-guided machine-directed evolution. However, machine learning processes will always be 

in a need of experimental data on these thousands of variants to predict the beneficial mutations to 

assay in such a low number of attempts.  

II.2.3.6 Imine reductases identified from metagenomic data 

In 2021, Marshall et al. reported a set of over 300 new IREDs from metagenomic data obtained 

from terrestrial and coastal sites across the United Kingdom (Marshall et al., 2021). Their work also 

reports a high-throughput screening with a colorimetric assay based on the oxidation of a target amine 

catalyzed by the putative IRED. The NAD(P)H generated was detected after the reduction of the 

tetrazolium salt (85) by a NAD(P)H dehydrogenase that subsequently led to the formation of a 

detectable red/pink formazan (86) dye. This easy-to-go system enabled to screen 36 amine substrates 

including carbonyl-corresponding important molecular scaffolds such as acetophenone (39), α- and β-

keto ester derivatives. The hits obtained from this assay were then tested in the way of the desired amine 

formation. Despite no data were published with 11 as amine donor, impressive results were achieved in 

this work and are so detailed here. One can mention pIR-23 that could catalyze the reductive coupling 

of hydrocinnamaldehyde (65) and dimethylamine (87) with 86% conversion. Eventually, crude cell-free 

extracts of the enantiocomplementary pIR-117, pIR-356 and pIR-355 were used in the preparative-scale 

reductive amination of ethyl acetoacetate (88) with a panel of primary amine donors [cyclopropylamine 

(69), propylamine (89), allylamine (53), propargylamine (50)] reaching good to excellent yields (31 - > 

99%) and > 99 % ee. All the 384 IREDs were also screened for the conversion of 2-tetralone (90) and 3-

chromanone (91) and derivatives found in a large variety of bioactive molecules and Active 

Pharmaceutical Ingredients (APIs). This work eventually led to the successful chemo-enzymatic synthesis 
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of the therapeutic ingredients for Parkinson’s disease Rotigotine (92) in only 3 steps (Citoler et al., 2021; 

Poewe et al., 2007). This synthesis includes the pIR-221-mediated reductive amination of 5-methoxy-2-

tetralone (93) with propylamine (89) (20 eq.), with a final yield of 63% and 92% ee (Scheme 14), as 

compared to the only reported five-step synthesis announced by the authors.  

 

Scheme 14. Synthesis of Rotigotine (92) by reductive amination using pIR-221. Adapted from Citoler et al. ,2021. 

 

Very recently, Aleku et al. used pIR-23 combined with the carboxylic acid reductase from S. 

rugosus (SrCAR) in a one-pot two-steps system for the transformation of 100 mg of cinnamic acid (94) 

to the N-cinnamylcyclopropanamine (95), N-cinnamylpropargylamine (96) and N-cinnamylpyrrolidine 

(97) in 58%, 62% and 48% isolated yield, respectively, using 2.5 eq. of amine with NADPH and adenosine 

triphosphate (ATP)-recycling systems (Aleku et al., 2022).  

The pIR-259, coupled with a D-fructose-6-phosphate-aldolase, have been recently used in a 

cascade reaction to access amino diols and amino polyols from an aldehyde, a hydroxyl ketone and an 

amine, resulting in good to excellent conversion yields (85-94%) (Ford et al., 2022). 

II.2.3.7 Specific case of EneIRED 

After their work on a one-pot process combining an IRED with an ene-reductase (ERED) to 

reduce both C=C and C=N bonds of cyclic α,β-unsaturated imines (Thorpe et al., 2022), Thorpe et al. 

aimed at finding biocatalysts that could directly catalyze both of these steps. Among the 389-membered 

set of (meta)genomic IREDs (Marshall et al., 2021), 44 enzymes were found able to perform the two 

reductions, especially the renamed EneIRED (Thorpe et al., 2022; Chen et al., 2022). Interestingly, the 

ratio of products obtained from solely conjugate reduction or reductive amination or both can largely 

vary from one substrate to another but the cyclic enones seemed to be enfavored for the complete two 

steps. The applicability of the EneIRED for this double reduction was assessed via preparative scale 

syntheses, notably the 110 mg scale formation of amine (98) obtained in 64% isolated yield starting 

from 50 mM of 3-methyl-2-cyclohexen-1-one (99) and 5 eq. of cyclopropylamine (69) (Scheme 15). 

Mechanistic and structural studies led to the proposition of the overall catalytic cycle not detailed here.  
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Scheme 15. Conjugate reduction and reductive amination catalyzed by EneIRED on a preparative scale reaction. The 

ee was only reported in the initial screening. Adapted from Thorpe et al., 2022. 

 

II.2.3.8 Summarized work on the discovery and engineering of imine reductases 

and reductive aminases 

Each of these studies illustrated the value of wide-range screening of homologous sequences 

for identifying biocatalysts with broader substrate scope, but also efficient enzymes with active sites 

different to those of reference enzymes (AspRedAm and AtRedAm in this case). Figure 6 and Table 1 

summarize the documented active-site residues of the studied RedAm members and their conservation 

among this recently identified family. Table 1 has been updated with key example sequences reported 

since the publication of the review in 2020 (Ducrot et al., 2020). However, due to a too high number of 

new sequences within the many IREDs/RedAms libraries published that could not be all included in the 

study, Figure 6 has not been updated. In fact, the logo representation gives a statistical overview and it 

would not be relevant to update it with only a few examples. The logo representation in Figure 6 still 

illustrates the conservation patterns of some of the discussed residues, the mutated residues located in 

the first or second layer of the active site. With a majority of mutations into short residues such as Ala 

or Leu, it well represents the will to enlarge the catalytic pocket for larger substrates accommodation. 

The mutation work was sometimes done in residues that are already present in the biodiversity, such as 

for 217 and 244 positions. The mutation work done on GSK_IR36 by Schober et al. and on IR-007-143 

by Duan et al. led to mutants with modifications all along the enzyme sequence that enabled to not only 

increase the conversion for their targeted substrate but also to enhance their applicability for synthesis 

(e.g. higher substrate tolerance, lower enzyme loading required, usability as lyophilized enzyme, 

thermoactivity, etc.). Figure 7 illustrates the main carbonyl and amine substrates described in 

IRED/RedAms publications. It highlights the aim to use biodiversity mining and protein engineering to 

reach increasingly complex carbonyl and amine substrates. As also depicted in these Figures, there is 

still room left for further engineering work to increase the biocatalytic potential of IREDs and RedAms. 
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Figure 6. Logo representation of summary of key residues and mutation work done on selected IREDs with reductive 

aminase activity i.e. the ability to catalyze secondary amine formation from equimolar or low eq. of ketone and 

amine. This representation gives the conservation patterns of main residues of these enzymes defining the catalytic 

pocket and targeted for mutations inside or outside the active site. The two neighboring residues before and after 

these residues are included as part of the logos to illustrate their environment. The logo of the variants produced 

for extending substrate scope are placed above the corresponding WT residue and are highlighted in orange. 

Mutated residues of the variants M1-M3 of GSK_IR46 used by Schober et al. have not been included for clarity. The 

sequence numbering used is that of AspRedAm. The color code is based on hydrophobicity (low hydrophobicity: 

blue, middle hydrophobicity: green, high hydrophobicity: black). Logos were generated using the webservice 

WebLogo3. Extracted from Ducrot et al. ,2020. 
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Table 1. Summary of key residues and mutation work done on selected IREDs with reductive aminase activity i.e. the 

ability to catalyze secondary amine formation from equimolar or low eq. of ketone and amine. List of main residues 

defining the catalytic pocket and targeted for mutations inside or outside the active site in WT selected 

IREDs/RedAms (black) and the corresponding mutated residues in the engineered enzymes (orange). Mutated 

residues of the variants M1-M3 of GSK_IR46, used by Schober et al., IR-007-143 by Duan et al. and IR-G36 variant 

by Zhang et al. have not been included for clarity. Adapted from Ducrot et al., 2020. 
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Figure 7. Substrate specificity of all the engineered IREDs described in this part. The substrates associated to each 

enzyme or group of enzymes were selected as the ones displaying the highest activities or conversion rates or 

considered as “new” substrates compared to the substrate scope of the whole family. Carbonyl and amine substrates 

are drawn in black and grey, respectively. The blue lines correspond to an exploration of the biodiversity. The orange 

lines correspond to an engineering work inside or outside the catalytic pocket. Conversion rates were given only for 

some examples targeting molecules of industrial interest. For the sake of clarity, the numbering of the molecules is 

not indicated. Adapted from Ducrot et al., 2020. 

 

II.2.4 Engineered amino acid dehydrogenases 

Ubiquitous in nature with central roles in amino acid metabolism, AADHs (E.C. 1.4.1.X) catalyze 

the reversible NAD(P)-dependent oxidative deamination of amino acids into the corresponding 

ketoacids with release of 11 (Scheme 16). Due to a pressing demand for enzymes capable of catalyzing 

the reductive amination of carbonyl compounds into chiral primary amines (Roughley & Jordan, 2011), 

these AADHs appeared to be promising templates to obtain such biocatalysts by removing the acid 

function requirement of the substrate in the reverse reaction. In 2012, the group of Bommarius designed 

the first enzyme with such a potential by using leucine dehydrogenases (LeuDH, E.C. 1.4.1.9) and 

phenylalanine dehydrogenases (PheDH, E.C. 1.4.1.20), as platforms for engineering. These well-described 

WT enzymes catalyze the reversible reductive amination of 4-methyl-2-oxopentanoic acid (100) and 2-

oxo-3-phenylpropanoic acid (101) into (S)-amino acid products 102 and 103, respectively, using 

NAD(P)H as the hydride donor (Scheme 16). As the LeuDH from Bacillus stearothermophilus (Uniprot ID: 

P13154) and the PheDH from Bacillus badius (Uniprot ID: Q59224) were used as the first templates for 

AADHs engineering into AmDHs, their sequence numbering are used as references in this part. 

 

Scheme 16. General reactions catalyzed by WT and engineered LeuDHs and PheDHs discussed in this part. 

 



 

70 

 

II.2.4.1 Leucine dehydrogenases 

Extensive characterizations of AADHs including mechanistic investigations have been carried out 

and numerous X-ray crystallographic structures have been presented since 1992, including those of 

glutamate dehydrogenase (E.C. 1.4.1.2) from Clostridium symbiosum (PDB: 1AUP) and LeuDH from 

Bacillus sphaericus (PDB: 1LEH) (Baker et al., 1995). The monomer structure of LeuDH is composed of two 

domains separated by the cofactor binding area, which gather and close in the presence of substrate to 

enable the hydride transfer. The main residue involved in the mechanism, K80 (LeuDH from Bacillus 

stearothermophilus), ensures the stabilization of the transformed carbonyl and acts as a base via its side 

chain (Sharma et al., 2017). Figure 8 illustrates the example of the 3D structure of LeuDH from Bacillus 

stearothermophilus. 

 

Figure 8. Structure of LeuDH from Bacillus stearothermophilus (model using 1C1D of PheDH from Rhodococcus sp. 

M4 as template). (A) Structure of LeuDH with the key positions targeted for mutagenesis located outside the catalytic 

pocket. The active site volume is highlighted in dots. (B) Active site of LeuDH in complex with L-phenylalanine (103). 

Side chains from the two catalytic residues K80 and D115 are shown in pink. Side chains of all the positions mutated 

in the AADHs included in this review are shown in blue. NADPH and 103 are shown in grey and yellow respectively. 

 

Thanks to these published 3D structures and detailed mechanistic studies, SDM targeting first 

the residues involved in the coordination of the vicinal carboxylate group, was carried out in order to 

remove their specificity for α-keto acids and so create a proper AmDH activity towards unfunctionalized 

ketones (Scheme 16). The model of LeuDH from Bacillus stearothermophilus served as reference for in 

silico analysis and prediction of residues to target. This model was made using the already solved 

structure of PheDH from Rhodococcus sp. M4 (PDB: 1C1D; Uniprot ID: Q59771) (Vanhooke et al., 1999) 

as template for the cofactor and substrates positioning inside the catalytic pocket. The residues 

equivalent to K80 and D115 described as essential for the catalytic mechanism, were excluded from the 

mutation libraries. A first run of site-directed evolution of this LeuDH with SSM at position K68 combined 

or not with other positions gave successful results and created the first ‘true’ AmDH activity. Named, L-
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AmDH, this engineered biocatalyst harbors the two main important synergistic mutations K68S/D261L 

or K68M/D261V and active, among others, towards 45 and methyl-isobutyl ketone (104) (Abrahamson 

et al., 2012). 

This work was the starting point for all the following research for enzymes performing reductive 

amination (in the chemical meaning, so excluding TAs). Compared to IREDS, AmDHs use preferentially, 

as their native counterparts, the ammonia 11 as amine source. Giving rise to primary amines, they were 

so complementary to IREDs allowing the very preferential formation of secondary and tertiary amines. 

II.2.4.2 Phenylalanine dehydrogenases 

PheDHs catalyze the NADH-dependent interconversion of 103 and pyruvate (105). The 3D-

structure of PheDH from Rhodococcus sp. M4 by Vanhooke et al. revealed a high similarity with LeuDH, 

consisting in two domains separated by a large cleft (Vanhooke et al., 1999; Brunhuber et al., 2000). The 

transposition of the beneficial mutations made in L-AmDH into the relative homolog PheDH from 

Bacillus badius led to the creation of the double variant K77M/N276V (Abrahamson et al., 2013). Using 

the restricted and efficient codon DDK to reduce the screening effort, a high-throughput screening of 

the diverse two-site PheDH K77DDK/N276DDK library led to the top candidate K77S/N276L (F-AmDH). 

In addition to displaying higher specific activities (4 U mg-1 at 25°C), this variant was capable of aminating 

1-(4-fluorophenyl)propan-2-one (106) to (2R)-1-(4-fluorophenyl)propan-2-amine (73) with 93.8% 

conversion and other aromatic ketones such as 1-phenoxypropan-2-one (107) (Scheme 17) (Knaus et 

al., 2017). Due to the high KM for 11 (around 500 mM) presumably due to a decrease in the activation 

of the carbonyl devoid of the carboxylic acid moiety, a high concentration of ammonia buffer (2 M 

NH4Cl/NH4OH pH 9.6) was required with all the engineered AADHs to achieve high activities and 

conversion rates. The KM for 11 in native AADHs are already rather high, e.g. 75 mM for the LeuDH from 

Geobacillus stearothermophilus. However, the reasonable price of 11 compared to that of primary or 

secondary amines make it less an issue than with IREDs or RedAms. 

Both L-AmDH and F-AmDH served as parental enzymes for domain shuffling to generate the 

chimera cFL1-AmDH, a combination of the F-AmDH N-ter segment (1-149) and the L-AmDH C-ter 

segment (140-366). While maintaining the substrate scope of F-AmDH and the same stereoselectivity, 

cFL1-AmDH was also active towards benzylic ketones such as acetophenone (39) and 1-tetralone (108) 

and displayed an optimum temperature (>70°C) more than 20°C higher than that of F-AmDH 

(Bommarius et al., 2014; Knaus et al., 2017).  
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II.2.4.3 Transposition of mutations K68S/D261L into other leucine and 

phenylalanine dehydrogenases 

Other protein engineering experiments have been carried out since this pioneering work, 

opening the door to ‘reductive aminase’ reactions for biocatalysis. The first double mutation K68S/D261L 

identified (Abrahamson et al., 2012) has subsequently been applied to homologous sequences, 

supplemented or not with other mutations, to give further AmDHs based on AADH scaffolds. With 

regard to the mutants directly resulting from the transposition of these mutations on other sequences 

of AADHs, in 2015, Chen et al. used the mutant K77S/N270L of LeuDH from Exiguobacterium sibiricum 

(Uniprot ID: B1YLR3), EsLeuDH-DM, to convert secondary alcohols to amines (2R)-3-methylbutan-2-

amine (109), (2R)-3-methylpentan-2-amine (110) and 3-methylcyclohexan-1-amine (111) by coupling it 

with an ADH from Streptomyces coelicolor in a redox-neutral cascade (Chen et al., 2015). Adopting the 

same strategy with two other LeuDHs from Lysinibacillus fusiformis (LfLeuAADH, Uniprot ID: D7WWB4) 

and Bacillus sphaericus (Uniprot ID: Q76GS2), they published, in 2018, LfAmDH and BspAmDH 

(K68S/N261L variants) that could catalyze the reductive amination of simple aliphatic ketones such as 

methyl-isobutylketone (104), pentan-2-one (112) and hexan-2-one (43) (Chen et al., 2018). In 2020, Liu 

et al. have applied equivalent double mutations to the selected sequence from Geobacillus kaustophilus 

(Uniprot ID: Q5KYC0) (Liu et al., 2020). The PheDH mutant, GkAmDH harboring the mutations 

K78S/N276L, displayed the desired activity towards various ketones including chiral vicinal keto alcohols 

1-hydroxy-1-phenylpropan-2-amine (113) and 1-hydroxy-3-phenylpropan-2-one (114), with 11 or 

primary amines. In a 100 mL scale up reaction, (2R)-1-(4-methoxyphenyl)propan-2-amine (115) was 

isolated with 43% yield based on a > 99% conversion from the corresponding ketone 116 within 6 h, 

corresponding to a calculated space time yield (STY) of 130.9 g L−1 d−1 (Scheme 17).  

Recently, GkAmDH was implied in a chemoenzymatic cascade for the direct conversion of 

propargylethers to chiral amines (Chang et al., 2022). The first hydration step to the ketone was carried 

out by an Au/carbene complex followed by the enantioselective amine formation. This chemo-

/biocatalytic system, supplemented with formate (117)/Formate dehydrogenase (FDH)-NADH recycling 

system, was demonstrated efficient for the synthesis of a wide range of aryloxy and alkoxy chiral amines 

with 82-97% yield and 96-99% ee. Also in 2020, Sun and co-workers used L-AmDH and F-AmDH as 

templates for BLAST data mining to find new AADH templates to mutate and obtain AmDHs active 

towards α and β-hydroxyketones [Wang et al., 2020 (B)]. The direct transposition of K68S/N261L L-

AmDH equivalent mutations resulted in five new AmDHs: GsAmDH from Geobacillus stearothermophilus 

[National Center for Biotechnology Information (NCBI) Accession number: AAA22570], BsAmDH from 

Bacillus stearothermophilus (NCBI Accession number: WP_000171355), LsAmDH from Lysinibacillus 

sphaericus CBAM5 (Uniprot: W7S058), SpAmDH from Sporosarcina psychrophila (Uniprot: I0IJU1) and 

https://www.uniprot.org/uniprotkb/I0IJU1/entry


 

73 

 

TiAmDH from Thermoactinomyces intermedius (Uniprot: Q60030). When used as wet cells (0.1 g mL-1) in 

0.5 mL total volume at 30°C for 24 h, they could achieve 19-99 % conversion of 1-hydroxybutan-2-one 

(118) into the corresponding (2S)-1-hydroxybutan-2-amine (119) with >99 % ee, (S)-selectivity being 

due to a reversal of Cahn-Ingold-Prelog priority. GsAmDH activity was further characterized towards a 

range of aliphatic and aromatic α and β-hydroxyketones. 

 

Scheme 17. Some reductive amination reactions catalyzed by engineered AADHs with mutations on positions 

K68/N261 (numbering of LeuDH from Bacillus stearothermophilus). LWC = lyophilized whole cells; RS = recycling 

system. 

 

II.2.4.4 Additional protein engineering work on K68/D261  

In addition to these mutations equivalent to K68S/N261L in other AADH sequences, some 

publications have reported an additional evolution work starting from these two key positions. In 2015, 

Ye et al. used NKK degenerate codons for SSM of the K66/N262 variant (respectively K68/D261 in Bacillus 

stearothermophilus) of the distant homolog PheDH of Rhodococcus sp. M4 (Uniprot ID: Q59771), to 

create an enzyme with a different substrate scope (Ye et al., 2015). The best variant, DM_pheDH 

K66Q/N262L, could already convert aromatic ketones such as phenylpropan-2-one (120) and 4-

phenylbutan-2-one (36), but additional mutations were also introduced to further enhance its activity. 

Pushpanath et al. screened a double-saturation (K68X/N266X) mutant library on the PheDH from the 

thermophile Caldalkalibacillus thermarum (Uniprot ID: F5L9G2) (Pushpanath et al., 2017). The starting 

AADH, with a higher native thermostability than any other studied AADHs, was used as a scaffold to 

engineer a stable AmDH and displayed a moderate sequence identity with the originally engineered F-

AmDH (63%) with only one change in the active site (S303A). The best variant, Cal-AmDH, harbored the 

same mutations as L-AmDH (K68S/N266L). It displayed good activity against some bulky aromatic 

ketones such as 1-(4-methylphenyl)propan-2-one (121) and 1-(2-methoxyphenyl)propan-2-one (20) 
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but also showed a Tm of 83.5°C, 27°C higher than the F-AmDH. A biphasic system with 25% iso-amyl 

acetate (123) enabled the conversion of 400 mM of 1-phenoxypropan-2-one (107) with a STY of 60 g 

L−1 d−1 (Scheme 17).  

In 2019, Chen et al. investigated beneficial mutations on these two positions using saturation 

mutagenesis in LfLeuAADH from Lysinibacillus fusiformis (Chen et al., 2019). In addition to LfAmDH 

(K68S/N261L), they obtained an equivalent variant (K68C/N261L) and the additional AmDH-M0 

(K68T/N261L), which showed a preference for aliphatic α-hydroxy ketones substrates such as 1-hydroxy-

3-methylbutan-2-one (124) or 1-hydroxypentan-2-one (125) over methyl ketones. Such residues enable 

the same type of interactions with the α-hydroxyl group as the ones present in the WT with the α-

carboxylate group. The change in the orientation of the hydroxyl group in Thr compared to Ser may 

have helped to create favorable interactions with the hydroxyl group of the ketone substrate, thereby 

improving recognition of these substrates. However, further studies would be required to validate this 

hypothesis not mentioned by the authors.  

II.2.4.5 Additional protein engineering for substrate scope expansion 

Protein engineering experiments have also been carried out on other positions. Indeed, even 

though the first rounds of mutations on the two key hotspots enabled the creation of AmDH activity, in 

most cases, the newly created AmDHs were only active towards simple or short ketone substrates. For 

this reason, many teams have focused their efforts on enhancing the substrate scope of these 

engineered enzymes by mutating other positions inside or outside the catalytic pocket, while always 

retaining the two key mutations on K68 and N261. 

Thanks to a considerable effort in protein engineering on LeuDH form Bacillus 

stearothermophilus, Bommarius and co-workers found the best reductive amination activity towards 

several ketones with the quadruple mutant K68S/E114V/N261L/V291C (Abrahamson et al., 2012). The 

added E114V and V291C mutations allowed them to directly enlarge the pocket size and to illustrate 

that position V291 was important for substrate binding in LeuDH (Kataoka et al., 2003). The mutation of 

N262, located next to the mutated N261L, into Leu in cFL1-AmDH (cFL2-AmDH N270L/N271L) increased 

the apparent kcat value for 1-(4-fluorophenyl)propan-2-one (106) (Bommarius et al., 2014). 

Starting from their engineered DM_pheDH, Ye et al. targeted the residue S149, located at the 

bottom of the active site pocket (Ye et al., 2015). The mutation S149G, which reduced the side chain 

length of the amino acid by ~2Å, enabled the enlargement of the binding pocket entrance and improved 

the ability of the enzyme, TM_pheDH, to convert 1-phenylpropan-2-one (120) into (2R)-1-

phenylpropan-2-amine (126) and 4-phenylbutan-2-one (36) into (2R)-4-phenylbutan-2-amine (55) with 
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99% ee. The latter is a building block used for the synthesis of the pharmaceutical Dilevalol (127) (Knaus 

et al., 2017). 

A second round of mutations also appeared in the work of Chen et al., who focused on the two 

positions A113 and T134 (LfAmDH numbering) to enlarge the cavity on the opposite side of the catalytic 

and substrate-binding residues (Chen et al., 2018). The single mutation A113G was applied to their 

previously engineered EsLeuDH-DM (EsAmDH), LfAmDH and BspAmDH enzymes. This allowed them to 

enhance the activity towards medium-sized aliphatic ketones such as hexan-2-one (43) but also to 

accommodate longer ones like heptan-2-one (128) or bulkier ones like 5-methylhexan-2-one (129). The 

neighboring residues of A113 (T112, E114, T134, V294) were then mutated into Ala, and Gly for the 

positive mutants. The double mutations A113G/T134A and A113G/T134G led to a 43 Å3 increased pocket 

volume suitable for reductive amination of 128, confirmed by a nearly total conversion in (2R)-heptan-

2-amine (130) in less than 12 h for these two mutants LfAmDH-M2 and LfAmDH-M3, respectively. The 

same strategy was applied for AmDH-M0 (K68T/N261L) and the quadruple variant AmDH-M3 

(K68T/N261L/A113G/T134G) displayed the highest activity towards longer α-hydroxy ketones up to 1-

hydroxyheptan-2-one (131). These enzymes were used for the synthesis of (2S)-1-hydroxyhexan-2-

amine (132) at 100 mM in 56% yield and > 99% ee but also the short precursor of ethambutol (133), 

(2S)-1-hydroxybutan-2-amine (119) in 84% yield and >99% ee (Scheme 18). It is worth noting that for 

all the enzymes engineered by Chen et al., this second round of mutations led to a decreased activity 

toward the shortest substrates like pentan-2-one (112) or 1-hydroxypentan-2-one (125). Very recently, 

Lu et al. carried out a SDM on EsAmDH targeting a list of positions comprising, among others, L52 

(equivalent to T43 in L-AmDH), never described before and located in the second layer of the active site 

with its side chain pointing towards the opposite side (Lu et al., 2022). Notably, the top mutants EsAmDH-

T143C (T134 in L-AmDH) and EsAmDH-L52S exhibited 2.06 and 1.55 mU mg-1 against 112 compared to 

0.71 mU mg-1 reached with EsAmDH. 

Franklin et al. conducted separate additional sets of mutations starting from the original L-

AmDH (K68S/E114V/N261L/V291C) published in 2012 (Abrahamson et al., 2012; Franklin et al., 2020). 

The first set was selected to increase activity and stability and focused on two residues further away from 

the active site, D32 and F101, previously shown to be promising candidates. (David et al., 2004) L-AmDH-

TV (D32A/F101S/C290V) displayed an average of 2.5-fold higher activity towards aliphatic ketones 112 

and 43 and butan-2-one (134) that were already accepted by L-AmDH. To expand the substrate scope 

and accommodate larger substrates, a third round of mutations was performed on L-AmDH-TV 

considering the two previously described mutations A112G and T133A/G (L-AmDH-TV numbering) but 

also L39A/G, all pointing towards the substrate binding site (Chen et al., 2018; Kataoka et al., 2003). The 
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single mutant L39A enabled to double the activity towards 43 and moderate activity towards octan-2-

one (67). The mutation L39G permitted the accommodation of ketones as large as nonan-2-one (135) 

and decan-2-one (68), with a lower activity for the shorter substrates 134 and 112. The benefit of these 

mutations was exemplified by the conversion of 56% and 52% of 128 and 135, respectively, with L-

AmDH-TV/L39A in 24 h with a formate (117)/FDH NADH recycling system (Scheme 18). The addition of 

A112G and T133G further enhanced the activity towards long aliphatic ketones even with methyl 

substituents such as 6-methylheptan-2-one (136) and 6-methyloctan-2-one (137). 

 

Scheme 18. Some reductive amination reactions catalyzed by engineered AADHs with mutations inside and outside 

the catalytic pocket. CFE = crude cell-free extract; RS = recycling system. Adapted from Ducrot et al., 2020. 

 

The substrate-binding pocket of GkAmDH was also enlarged through semi-rational 

mutagenesis, combining epPCR with several steps of SSM of determined residues within the first or 

close-second layer of the active site (Wang et al., 2021). The best mutants, GkAmDH-M3 

(V144A/V309A/A310G) and GkAmDH-M8 (V144A/V309A/A310G/S156T/Q308A /C79N/F86M) enabled 

the gram-scale production of the two pharmaceutical building blocks, (2R)-4-phenylbutan-2-amine (55) 

and 4-(1,3-benzodioxol-5-yl)-(2R)-butan-2-amine (138), precursor of medroxalol (139), with up to 85% 

and 66% isolated yield, respectively (Scheme 19). Molecular dynamic (MD) analyses provided insights 

into the effects of the key mutations on the substrate specificity. 

Starting from the two discovered GsAmDH and SpAmDH (see Chapter I, II.2.4.3), Sun and co-

workers reported in two distinct publications, an extensive knowledge and structural-guided 

mutagenesis approach to improve their activity towards α- and β-hydroxyketones (Tong et al., 2021). To 

do so, they used the work already performed by other teams in other AmDHs templates and a 

combination of CAST, SDSM and ISM strategies. Notably, SpAmDH top mutant 

(K68S/N261L/I111F/E114V/V294C) was used as cell lysates to transform 200 mM of 1-hydroxybutan-2-

one (118) into the corresponding (S)-amine (119) in 91% conversion and >99% ee within 18 h at 30°C. 
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Similarly, GsAmDH best variant (K68S/D261L/E114V/T134C/P146V/H187D/V294C) achieved 99% 

conversion and 90% isolated yield of 100 mM 4-hydroxybutan-2-one (140) giving (3R)-1-hydroxybutan-

3-amine (141) with >99% ee within 36 h (Ming et al., 2022).  

Recently, Mu et al. described an iterative Ala scanning-base multiple site protein engineering on 

L-BcAmDH, previously constructed with the introduction of the double mutation K70S/N263L in a LeuDH 

from Bacillus cereus (Mu et al., 2021). In addition to the already described A115G mutation (L-BcAmDH-

M1) (Chen et al., 2018), eight mutated spots were identified as the non-Ala residues located within 6 Å 

of G115 and the hindered phenyl group of one of the targeted substrate  36 docked in the pocket. Each 

step of mutation allowed them to find the top pocket conformation to fit increasingly hindered 

substrates: L-BcAmDH-M3-1 (A115G/T136A/L42A) towards 1-(4-methylphenyl)propan-2-one (121), L-

BcAmDH-M4 (A115G/T136A/L42A/V296A) towards 36 and 4-phenylpentan-2-one (142) and eventually 

L-BcAmDH-M5 (A115G/T136A/L42A/V296A/V293A) towards 4-phenylhexan-2-one (143). Interestingly, 

this large number of mutations into Ala in the same area did not lead to any major instability as these 

three mutants displayed a T50
30 (temperature at which enzyme activity is reduced to 50% after a 30-min 

heat treatment) of 68, 56 and 57°C, respectively, as compared to 61°C for the WT enzyme. 

LeuDH from Bacillus cereus was also used by Kong et al. as template for a BLASTP homologous 

sequence searching against NCBI database (Kong et al., 2022). After the introduction of the typical 

double mutation (K68S/N261L) into a LeuDH from Jeotgalicoccus aerolatus, Ja-AmDH was further 

mutated until exhibiting activities and good conversion potential towards α-(hetero)arylketones, 

building blocks of many pharmaceuticals. The mutated spots correspond to the already described E113 

(Abrahamson et al., 2012), V291 (Abrahamson et al., 2012, Kataoka et al., 2003), V294 and L39 (Franklin 

et al., 2020). For instance, Ja-AmDH-M33 enabled the synthesis of the building block (1S)-1-(5-

fluoropyrimidin-2-yl)ethan-1-amine (144) [AZD 1480 (145)] in 67% yield and 99% ee (1 M substrate 

loading, Turnover number (TON): 15075) (Scheme 19). Using the same strategy as done by Bommarius 

and co-workers in 2014, Li et al. replaced the cofactor-binding domain of F-AmDH from Bacillus badius 

by that of L-BcAmDH obtained from the LeuDH from Bacillus cereus to increase its cofactor affinity (Li et 

al., 2022). The chimera cFLF-AmDH (F-AmDH 1-156, L-BcAmDH 147-346 and F-AmDH 360-380) 

displayed a two-fold higher affinity for NADH, a 4.4-fold higher corresponding catalytic efficiency in 

presence of 112 and unexpected increased thermal stability and substrate scope as compared to the 

parent F-AmDH. 

 



 

78 

 

 

Scheme 19. Some reductive amination reactions catalyzed by engineered AADHs obtained after several rounds of 

mutagenesis. RS = recycling system. 

 

II.2.4.6 Additional protein engineering to reach amine dehydrogenase activity 

In 2020, Jiang et al. succeeded in changing the substrate specificity of PheDH from Bacillus 

halodurans (Uniprot ID: Q9KG94) without the common double mutation K77S/N275L (PheDH Bacillus 

halodurans numbering) but targeting, as in cFL2-AmDH, the adjacent residue N276 and E113, located 

further away from the cavity (Jiang et al., 2020). With a combination of single and double mutations at 

these two positions, the PheDH variants, named BhAmDHs, not only displayed an improved activity for 

the natural substrates, L-phenylalanine (103) (oxidative deamination) and 2-oxo-3-phenylpropanoic acid 

(101) (reductive amination), but also towards some aliphatic ketones without a carboxylic group at the 

α-position, which were not substrates of the WT enzyme. For example, the double variant PheDH-

E113D/N276L displayed a good activity (1.31 U mg-1) towards 5-methyl-2,3-hexanedione (146) and 

PheDH-N276L towards 3-methylcyclohexanone (147) (1.67 U mg-1). These results highlight the effect of 

mutations surrounding identified key residues or those positioned even further away. 

II.2.4.7 Glutamate dehydrogenase  

In a recent work, Zhou et al. achieved to give a proper AmDH activity to a glutamate 

dehydrogenase (GluDH, EC 1.4.1.2) from E. coli-K12 (EcGDH). The comparison of its crystal structure 

[Uniprot ID: P00370; PDB: 4BHT (Oliveira et al., 2016)] to that of other GDHs enzyme-ligand complex 

structure enabled to identify two substrate-binding residues, K116 and N348 (Figure 9) (Zhou et al., 

2022). EcGDH consists in a homohexameric structure with each subunit being formed by a N-ter domain 

that mediates the hexamer assembly and a Rossmann fold C-ter domain for NAD(P) binding (Oliveira et 

al., 2016). 
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Figure 9. Structure of EcGluDH from E. coli-K12 (PDB: 4BHT) (A) Structure of EcGluDH with highlighting of the active 

site volume (B) Detail of the residues forming the catalytic pocket and the key positions described in this part, K116 

and N348, are shown in pink. NADP+ cofactor is colored in orange. 

 

A combinatorial saturation mutagenesis library and an activity screening towards the targeted 

substrate 4-oxopentanoic acid (152) led to the discovery of the top mutant EcGluDHK116Q/N348M that was 

eventually able to convert 0.4 M 152 to the (R)-aminopentanoic acid (153) with 97% yield (> 99% ee) in 

11 h (Scheme 20). 

 

Scheme 20. Reactions catalyzed by WT and engineered EcGluDH. Adapted from Zhou et al., 2022. 

 

II.2.4.8 L-lysine dehydrogenase 

 

Unlike previously described enzymes engineered from very similar scaffolds of α-AADHs, Tseliou 

et al. focused on the ε-deaminating L-lysine dehydrogenase (LysEDH) from Geobacillus 

stearothermophilus (Uniprot ID: Q9AJC6) [Tseliou et al., 2019(A)]. In this case, the reaction occurs at the 

terminal amino group of L-lysine (148) instead of the α-amine moiety, which was shown to be non-

essential for the enzyme activity. The objectives were to remove the essential nature of the α-carboxyl 

group for recognition by the WT enzyme, which prevents any activity towards substrates devoid of this 
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function, such as heptan-2-one (128), acetophenone (39) or 4-chromanone (149) (Scheme 21). Based 

on computational studies of a LysEDH homology model, created using different templates with both 

NADH cofactor and ligand within the active site, several residues were identified as potential targets for 

mutagenesis (V130, A131, V172, F173, H181, Y238, T240 and R242) (Figure 10).  

 

 

Scheme 21. General reaction catalyzed by LysEDH and the engineered LysEDH. 

 

 

Figure 10. Model of the ε-deaminating L-lysine dehydrogenase from Geobacillus stearothermophilus (model using 

1E5Q of saccharopine dehydrogenase from Magnaporthe oryzae). (A) Structure of LysEDH with highlighting of the 

active site volume (B) Focus on the key positions of the active site. F173 is highlighted in orange. 

 

Among them, only the mutation of F173 enabled the conversion of medium-sized aliphatic 

ketones and, above all, the targeted bulky aromatic ketones such as 39 or 1-tetralone (108). The bulky 

residue F173 is located at the opposite side of the hydrophilic cavity which accommodates the α-amino 

moiety of 148 and serves to provide both the hydrophobic property of the cavity and the orientation of 

the substrate side chain. Its mutation into Ala enabled the enlargement of the hydrophobic binding 

pocket by reducing the size of the residue by 4.3 Å. Remarkably, LE-AmDH-v1 (F173A) displayed a high 

stability (Tm: 69°C) and a reduced product inhibition compared to other engineered AADHs, thus leading 

to high biocatalytic performance. The reductive amination of 5 mM 39 and 1-phenylpropan-1-one (150) 
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was performed on a 600 mg scale to give respectively 82% and 65% isolated yield of the (R)-amine 

products 15 and 151 with >99.9% ee (Scheme 22). 

 

Scheme 22. Example of reductive amination reaction catalyzed by the engineered ε-deaminating L-lysine 

dehydrogenase. 

 

II.2.4.9 Summarized work on the discovery and engineering of amine 

dehydrogenases from amino acid dehydrogenases  

Figure 11 and Table 2 illustrate the mutational work carried out on a diverse panel of AADHs 

throughout the years. Overall, we can clearly see that the number of found beneficial sites has expanded 

since 2020 (Ducrot et al., 2021). The first results obtained by Bommarius and co-workers have largely 

been used and retrieved later on, with improvements by further mutational efforts. The approaches 

targeting the residues located in the first layer to obtain AmDHs from AADHs with various substrate 

scope led to mostly the same beneficial residues. Figure 12 illustrates the main carbonyl substrates 

described in engineered AADHs publications. It highlights the aim to use biodiversity mining and protein 

engineering to reach increasingly complex carbonyl substrates. However, after having explored all the 

possibilities in the first layer, the more recent engineering works are now targeting an increasing number 

of residues located in the second layer of the active site to have access to a higher diversity of AmDH 

scaffolds. 
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Figure 11. Logo representation of the mutational work done on LeuDHs and PheDHs. This representation shows the 

conservation patterns of all the residues targeted for mutation in the different studies focusing on engineered 

AADHs. The two residues described as essential for the catalytic mechanism (K80 and D115) are also indicated. The 

two neighboring residues located before and after the key residues in the protein sequence are also included to 

illustrate their environment. The sequence numbering used is that of LeuDH from Bacillus stearothermophilus. The 

logo of the variants produced for each of them are highlighted in orange. The color code is based on hydrophobicity 

(low hydrophobicity: blue, middle hydrophobicity: green, high hydrophobicity: black). Logo was generated using 

the webservice WebLogo3. Adapted from Ducrot et al., 2020. 
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Table 2. Summary of mutational work done on LeuDHs and PheDHs. List of residues targeted for mutations in WT 

AADHs (black) and the corresponding mutated residues in the different engineered enzymes (orange). For the sake 

clarity, the work on GsAmDH and SpAmDH from Sun and co-workers has been restricted to the top mutations. 

Adapted from Ducrot et al., 2020.  
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LeuDH (b.s .) P13154 D L T L K N L K F Q I A E D T N P H L D N V N V A

K68M/E114V/N261V/V291C M V V C

K68S/E114V/N261I/V291C S V I C

L-AmDH S V L C

L-AmDH_D32A A S V L C

L-AmDH_D32A/F101S A S S V L C

L-AmDHTV A S S V L

L-AmDHTV_L39A A A S S V L

L-AmDHTV_L39G A G S S V L

L-AmDHTV_A112G A S S G V L

L-AmDHTV_A112G/T133G A S S G V G L

L-AmDHTV_L39A/A112G A A S S G V L

L-AmDHTV_L39A/A112G/T133G A A S S G V G L

PheDH (b.d .) Q59224 D L C L K C F K F D Y G T D V D S K F N N L N V A

Q59224_K77M/N276V M V

Q59224_K77S/N276L S L

cFL1AmDH* D L C L S C F K F D Y G T D V D S H L L N C N V A

cFL2AmDH_N270L/N271L L

LeuDH (r.sp. ) Q59771 S A T L K M M K N D W G P D F S S S M N N A H L V

DM_PheDH Q C

TM_PheDH Q G C

PheDH (c.t. ) F5L9G2 N L C L K C F K F Q Y G T D V D S K I N N L Q V S

K68S/N266L S L

Es LeuDH B1YLR3 D L L L K N L K Y Q I A E D T N P N L N N V N V A

Es AmDH S L

Es AmDH_A112G S G L

Es AmDH_A112G/T134A S G A L

Es AmDH_A112G/T134G S G G L

Es AmDH_L52S S S L

Es AmDH_T143C S C L

Lf LeuDH D7WWB4 D L A L K N L K F Q I A E D T N P K L N N V N V A

LfAmDH S L

LfAmDH-M1 S G L

LfAmDH-M2 S G A L

LfAmDH-M3 S Q G G L

Bsp LeuDH Q76GS2 D L A L K N L K F Q I A E D T N P K L N N V N V A

Bsp AmDH_DM S L

Bsp AmDH_A122G S G L

Bsp AmDH_A122G/T143A S G A L

Bsp AmDH_A122G/T143G S G G L

AmDH-M0 T L

AmDH-M1 T G L

AmDH-M2 T G A L

AmDH-M3 T G G L

Bc -LeuDH D L T L K N L K Y Q I A E D T N P H L N N V N V A

L-Bc AmDH S L

L-Bc AmDH-M1 S G L

L-Bc AmDH-M2 S G A L

L-Bc AmDH-M3-1 A S G A L

L-Bc AmDH-M3-2 S G A L A

L-Bc AmDH-M4 A S G A L A

L-Bc AmDH-M5 A S G A L A A

Ja-LeuDH D L I L K N L K Y N I A E D C N P S L N N V N V A

Ja -AmDH-M1 S L

Ja -AmDH-M2 S V L

Ja -AmDH-M31 S V L C

Ja -AmDH-M32 S V L A

Ja -AmDH-M33 S V L G

Ja -AmDH-M4 S V L G G

Ja -AmDH-M5 G S V L G

PheDH (g.k .) Q5KYC0 S L C L K C F K F E Y G T D V D S K F N N L Q V A

K78S/N276L S L

K78S/N276C S C

K78S/N276T S T

K78T/N276L T L

K78T/N276C T C

GkAmDH_V144A S A L

GkAmDH_V144A/A310G S A L G

GkAmDH_V144A/V309A S A L A

GkAmDH_V144A/V309A/A310G S A L A G

GkAmDH_V144A/V309A/A310G/S156T/Q308A S A T L A A G

GkAmDH_V144A/V309A/A310G/S156T/Q308A/C79N/F86M S N M A T L A A G

PheDH (b.h. ) Q9KG94 D L C L K C F K F E Y G T D G D S K Q N N L Q V A

Q9KG94_N276L S L L

Q9KG94_E113D S D L

Q9KG94_E113D/N276L S D L L

Gs LeuDH AAA22570 D L T L K N L K F Q I A E D T N P H L D Q V N V A

Gs AmDH S L

Gs AmDH-mh174 S V C V D L C

Sp LeuDH I0IJU1 D L T L K N L K Y E I A E D T N P A L N N V N V A

Sp AmDH-wh84 S F V L C

Selected residues                                                                                                         

(LeuDH from bacillus stearothermophilus  numbering)

Uniprot ID 

/ NCBI 

accession 

number

Enzyme name
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Figure 12. Substrate specificity of all the engineered AADHs and ε-deaminating L-lysine dehydrogenase described 

in this part. The substrates associated to each variant were selected as the ones displaying the highest activities or 

considered as “new” substrates compared to the substrate scope of the whole family. Carbonyl and amine substrates 

are drawn in black and grey, respectively.. If not mentioned, the amine substrate is ammonia (11). The orange and 

blue lines correspond to a set of mutations respectively inside or outside the catalytic pocket. The grey dashed lines 

correspond to the creation of a chimera from two parental enzymes. The specific activities indicated in this Figure 

are given as information but not to be compared as all the assays were not done with the exact same conditions. 

The following ones correspond to a range of typical conditions: 10-80 mM carbonyl substrate, 0.1-0.2 mM NAD(P)H 

cofactor, 1-6 M ammonium-based buffer pH 8.5-9.6, 25-30°C. In the case of enzymes without activity data, the 

substrates showing the highest conversion rates for one experimental condition were selected For the sake of clarity, 

the numbering of the molecules is not indicated. [a] Activity assays done with lower 11 concentrations 0.225-0.5 M 

that could not allow to reach the saturation of 11. [b] Activity assays done at 60°C, conversion tests at 30°C. The 

mutations written in bold correspond to the L-AmDH or F-AmDH numbering while the other mutations refer to the 

numbering of the targeted enzymes. 

  



 

85 

 

II.2.5 Engineered opine dehydrogenases  

Opine dehydrogenases (OpDHs) are a class of oxidoreductases that catalyze the reductive 

amination of α-keto acids, not with 11 like AADHs, but with α-amino acids, using NADH as cofactor 

(Scheme 23). The resulting products, opines, have very different physiological roles, depending on 

whether they are formed in invertebrates or in plants (Springer Handbook of Enzymes, 2005). In 

invertebrates, their formation ensures the consumption of pyruvate (105) and NADH keeping glycolysis 

running upon anaerobic exercise; in plants they ensure the growth of the parasitic Agrobacteria 

responsible for crown gall disease of plants after genomic insertion of the OpDH coding region into the 

host plant (Watanabe et al., 2015). 

The OpDH from Arthrobacter sp. strain 1C (Uniprot ID: Q44297), named CENDH, is one of the most 

characterized OpDHs (Asano et al. 1989), together with that of the great scallop Pecten maximus (Smits 

et al., 2008). In addition to NAD+-dependent oxidation of opines of plant origin, such as methiopine 

(154), reductive aminations are also performed by these enzymes, with the (R)-configuration at the newly 

generated stereogenic center of the opine products. They preferentially bind pyruvate (105) as 

electrophile and, to a lesser extent, 2-oxobutanoate (155), 2-oxopentanoate (156) and oxaloacetate 

(157). In addition to its activity towards (S)-methionine (158) and (S)-phenylalanine (103), ODH was 

found to be even more active towards L-norvaline (159), hence its name N-(1-D-carboxyethyl)-L-

norvaline dehydrogenase (Scheme 23).  

 

Scheme 23. General reaction catalyzed by OpDHs and engineered CENDH. 

 

The resolution of its structure [PDB: 1BG6 apo structure (Britton et al., 1998)] combined with a 

mechanistic study of the already resolved OpDH from Pecten maximus [PDB: 3C7C holo structure with 

L-arginine (160) (Smits et al., 2008); 3C7D holo structure with 105 (Smits et al., 2008)] provided 
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preliminary insights into its mechanism (Figure 13). Like other AADHs, these enzymes possess a two-

domain structure with a cleft at the interface holding the cofactor. Despite the identification of key 

residues binding 105 (Q118, H212 and E142 in the case of OpDH from Pecten maximus) and some NMR 

evidence of sequential order of substrate binding (Smits et al., 2010), no further description of the 

mechanism has been reported. 

 

Figure 13. Global structure and active site of CENDH. (A) Structure of CENDH (PDB: 1BG6) in ribbon format (B) Detail 

of the key positions targeted for mutagenesis by Codexis, shown with carbon atoms in blue. The position of NADPH 

and 105, respectively in grey and yellow, were obtained by 3D-alignment with the structure of OpDH from Pecten 

maximus (PDB: 3C7D). 

 

Considering its relaxed substrate scope, Codexis used CENDH as a starting template to evolve it 

into a catalyst able to synthesize tertiary amines (Chen, 2018). The variants, obtained after an extensive 

effort on directed evolution experiments using the protein engineering technology CodeEvolver®, were 

not only more active towards the two native substrates of CENDH, 105 and 159, but were also able to 

catalyze the coupling of a range of ketone substrates, such as 45, cyclopentanone (161) or 5-

methoxytetralone (162) (Scheme 23). A variety of amine partners was accepted, notably butan-1-amine 

(163), and transformed to products with high ee. The mutations that could positively impact the activity 

towards a wide range of substrates mostly targeted residues located in the active site cleft. For example, 

the multiple variant A111M/K156T/N198H/Y259M/Y280L/R292V/Y293H was ranked first for the 

conversion of 45 with 163 into N-butyl-N-cyclohexylamine (164). To our knowledge, no other work 

regarding the engineering of these enzymes for reductive amination has been published. More structural 

studies are required to expand their biocatalytic potential, having in mind their native activity towards 

various type of amines and the actual mechanistic knowledge of AADHs. Other types of OpDHs, such as 

saccharopine DHs, may also be valuable templates for engineering. In view of the significant differences 

between their native substrates and the targeted substrates, the evolution of OpDHs constitutes a 

considerable piece of enzyme engineering. 
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II.2.6 Natural amine dehydrogenases 

To meet the demand in synthetically useful AmDHs, an exploration of protein biodiversity was 

considered a good strategy to find WT AmDHs with various substrate scopes and new scaffolds to 

provide other templates than AADHs for protein engineering (Scheme 24). Some examples of this activity 

occurring in nature were published at the beginning of the 2000s by Itoh et al., who reported an amine 

dehydrogenase from Streptomyces virginiae that was active towards a broad range of ketone and 

aldehyde substrates but displayed low enantioselectivity for most of these substrates (Itoh et al., 2000). 

The corresponding gene was not identified which prevented further work. Later on, Wang et al. also 

identified an AmDH activity using whole cells of Pseudomonas kilonensis (Wang & Fang, 2013; Wang, 

2016). In the context of a collaboration between the biocatalysis team of the UMR and S. Wang in 2018, 

gene identification within this strain using comparative genomics was not successful and the AmDH 

activity of this strain could not be confirmed. 

 

Scheme 24. General reactions catalyzed by native AmDHs. 

 

II.2.6.1 First genome mining to find native reductive amination activity 

In 2015, the biocatalysis team of the research unit decided to search for WT AmDHs by genome 

mining. The strategy was first to compile an inventory of all the natural NAD(P)H-dependent reductive 

amination enzymes using 11 in the biological genomic databases and then exclude the reactions on α- 

or β-ketoacids (i.e. α- or β-AADHs). This led to the sequence of (2R,4S)-2,4-diaminopentanoate 

dehydrogenase (2,4-DAPDH) from Clostridium sticklandii (Uniprot ID: E3PY99) (Mayol et al., 2016). This 

enzyme catalyzes the oxidative deamination of (2R,4S)-2,4-diaminopentanoic acid (165) and was shown, 

some years ago in our unit, to be involved in the ornithine degradation pathway (Fonknechten et al., 

2009). The corresponding sequence was used as a reference known to perform the amination of (2R)-2-

amino-4-oxopentanoic acid (166) without any close functionalization unlike AADHs, in order to identify 

homologs with proper AmDH activity. This genome mining approach was carried out with the Cloning 

and Screening Platform of the research unit, led by Veronique de Berardinis, to build a collection of 

candidate enzymes. The particularity of the pipeline used by the Platform, shown in Appendix 3, is the 

integration of several criteria such as the availability of the strain in the in-house strains library 
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comprising around 1,200 strains. Among the collected and selected enzymes, 6 of them (AmDH2, 

AmDH4, AmDH5 being the originally considered 2,4-DAPDH, and AmDH7-9) were found active towards 

4-oxopentanoic acid (152) (4OP-AmDHs), in addition to their native substrate 166. This substrate was 

interesting to consider as the α-amine function of the α-aminoacid part was not mandatory to obtain 

activity, thus approaching an AmDH type substrate without functional prerequisite in the structure. The 

NADH-dependent AmDH4, from the thermophilic bacteria Petrotoga mobilis (Uniprot ID: A9BHL2), was 

further investigated, including a study of its biocatalytic performance. High substrate loading tolerance 

enabled the isolation of (4S)-4-aminopentanoic acid (167) in 88% yield with a significant STY of 53 g L-

1d-1 (Scheme 25). The very good ee for the (S)-enantiomer (> 99%) was in accordance with the high 

preference of 2,4-DAPDH AmDH5 for 165 over (2R, 4R)-2,4-diaminopentanoic acid (168) (Fonknechten 

et al., 2009). 

 

Scheme 25. Example of reductive amination reaction catalyzed by AmDH4. RS = recycling system. 

 

In collaboration with the group of Prof. Gideon Grogan from the University of York, the 

resolution of its structure (PDB: 6G1H) gave some insights into its mechanism (Mayol et al., 2019). E102 

was found to be the main catalytic residue, while R161, N163 and H264 were observed to bind the 

carboxylate moiety of 165 and 167 through electrostatic interactions (Figure 14). Site directed 

mutagenesis of E102 into Ala resulted in a mutant with which it proved impossible to reach 11 saturation 

in kinetics studies, underlying the importance of this residue for both the fixation and activation of 11. 

To alter the substrate specificity and enable the conversion of ketone substrates devoid of the carboxylic 

moiety, these polar residues were mutated into non-polar ones. Among the 8 variants produced, 

N135V/N163V/R161M/H264L mutant, named here AmDH4_M1, displayed the highest activity with 105 

mU mg-1 towards 112. The main mutation responsible for this switch of substrate scope seemed to be 

R161M but no further mutation work has been done yet to further explore this site. This result was the 

first step in the identification of other type of AmDH easily accessible from biodiversity by minor protein 

engineering. With the objective to increase AmDH4 activity towards 152, easily accessible material from 

biobased lignocellulosic waste, Cai et al carried out directed evolution combining several rounds of 

epPCR and DNA shuffling (Cai et al., 2020). Eventually, the top mutant obtained (AmDH4-

I80T/P224S/E296G) exhibited higher solubility, 18-fold higher catalytic efficiency towards 152 compared 
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to the WT enzyme. AmDH4 mutant was able to aminate 0.5 M 152 in the corresponding amine 167 at 

40°C yielding > 97% conversion and > 99% ee.  

 

Figure 14. Global structure and active site of AmDH4. (A) Structure of AmDH4 (PDB: 6G1M), the volume of the active 

site is represented with the dot surface of the residues constituting the first layer of the pocket (B) Active site of 

AmDH4 with a focus on the P1-P21 positions (blue), shown in cylinder format, defining the cavity with NAD+ (grey). 

The catalytic residue E102 (P3) is highlighted in pink. For clarity, P1-2-4-6-7-8-11-16-17-20-21 are omitted. P1-P21 

numbering explanations are given in Chapter I, II.2.6.2. 

 

Interestingly, 4OP-AmDHs do not share significant sequence homology with the previously 

described engineered AADHs nor RedAms, demonstrating that enzymes catalyzing reductive amination 

are distributed among varied families. Moreover, 4OP-AmDHs are (S)-selective enzymes, thus providing 

the opposite amine enantiomer compared to previously described enzymes. For example, AmDH4 is a 

very good complementary enzyme to the (R)-selective EcGluDHK116Q/N348M mentioned in Chapter I, 

II.2.4.7, despite being non-homolog enzymes (Zhou et al., 2022). Therefore, 4OP-AmDHs constituted a 

real platform to study in addition to the RedAms and engineered AADHs. 

II.2.6.2 First set of native amine dehydrogenases  

To further explore AmDH biodiversity and reveal more distant homologs with activity towards 

unfunctionalized ketones, 4OP-AmDHs were used in a second sequence-driven approach by our group. 

This iterative approach successfully led to the identification and characterization of six AmDHs 

[MsmeAmDH (Uniprot ID: A0A8B4R7U8, formerly A0A0D6I8P6), CfusAmDH (Uniprot ID: S9Q235), 

MicroAmDH (Uniprot ID: C3UMY1), ApauAmDH (Uniprot ID: E3CZE3), MycoAmDH (Uniprot ID: 

A0A101AWU7) and MvacAmDH (Uniprot ID: K0UKT5)] with similar substrate spectra, with a preference 

for cycloalkanones such as 45 and 2-methylcyclohexanone (169), and aliphatic aldehydes such as 

isobutyraldehyde (170) and 2-methylbutanal (171). MsmeAmDH displayed also significant activity 

towards 3-hydroxybutan-2-one (172). This interesting activity towards (hydroxy)ketones was studied in 
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more details during my PhD (see Chapter II, IV.1) (Ducrot et al., 2021). No or only traces of activity 

towards the initial substrates 166 and 152 was detected with these enzymes. With low sequence identity 

(< 30%) with 2,4-DAPDH and 4OP-AmDHs, and no apparent common biological role, these enzymes are 

members of the first identified group of nat-AmDHs (Mayol et al., 2019). As indicated by biochemical 

characterization and substrate spectrum, these enzymes are slightly more efficient with NADPH than 

NADH even if this specificity seems to be substrate-dependent. As for engineered AADHs, the high KM 

of 11 required the use of a high concentration of ammonia buffer, usually in the range of 1 – 2 M, at pH 

8.0 – 9.5. Biocatalytic synthesis performed on 100 mg scale afforded (2S)-pentan-2-amine (173) or (1S, 

2R)-2-methylcyclohexylamine (174) from the equivalent carbonyl compounds in 39% and 35% yield 

respectively, corresponding to a STY of 2.4-2.6 g L-1d-1 (Scheme 26). 

 

Scheme 26. Examples of reductive amination reactions catalyzed by nat-AmDHs. RS = recycling system. 

 

The structural resolution of CfusAmDH (PDB: 6IAU, Figure 15) and MsmeAmDH (PDB: 6IAQ) showed that 

their whole structure is highly similar to that of AmDH4 (Figure 14).  
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Figure 15. Global structure and active site of CfusAmDH. (A) Structure of CfusAmDH (PDB: 6IAU), the volume of the 

active site is represented with the dot surface of the residues constituting the first layer of the pocket (B) Active site 

of CfusAmDH with a focus on the P1-P21 positions (blue), shown in cylinder format, defining the cavity with NADPH 

(grey), 45 (yellow) and 11. The catalytic residue E108 (P3) is highlighted in pink. For clarity, P1-2-4-11-14-15-16-19-

21 are omitted. P1-P21 numbering explanations are given later on in this paragraph. 

 

Similarly to AmDH4, the hypothetical mechanism involved the conserved glutamate activation 

11, which in turn would attack the electrophilic carbon of the carbonyl hypothetically secured by the 

conserved hydrogen bond donors Tyr/Trp within the active site (II). The resulting carbinolamine (III) 

would be dehydrated to lead to the amine product (V) after reduction by the hydride of the nicotinamide 

cofactor (IV) on the re-face in the case of prochiral substrate (Scheme 27). 
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Scheme 27. Hypothetical mechanism of nat-AmDHs. The proposed mechanism is showed for CfusAmDH and 45 as 

carbonyl substrate. 

 

Using the solved structures of AmDH4, a classification of the nat-AmDH family based on the 

spatial conservation of the residues defining the active site pocket (positions initially named P1 to P20) 

was built according to the ASMC (Active Site Modeling and Clustering) pipeline, described in Appendix 

4, set up in our unit and already successfully applied to other enzymes (Bastard et al., 2014; de Melo-

Minardi et al., 2010). A mechanistic and structural role has been assigned to several of these residues 

(Mayol et al., 2019) and was further studied in Chapter II, II. The so called ASMC1 classification partitioned 

the members of this family into the following groups: group 2 (G2) included 2,4-DAPDHs such as 

AmDH4, group 3 (G3) MsmeAmDH and MicroAmDH, group 4 (G4) CfusAmDH, group 1 (G1) enzymes 

with yet unidentified substrate but presumably active towards substrates bearing a carboxylic moiety, 

and group 5 (G5) enzymes probably without any imine formation capability due to the absence of the 

key Glu in P3 (Figure 16). Nevertheless, the G5 enzymes were classified in this family due to their 

sequence homology (Mayol et al., 2019). 
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Figure 16. ASMC1 clusterization. This hierarchical tree of active sites was generated by the ASMC pipeline and 

includes 2,011 non-redundant proteins (redundancy was removed at 100% of similarity). Each group of active site 

homologs (G1-G5) is represented by a logo of P1-P20 positions and a representative structure in which P1-P20 

residues are displayed in stick format. In each logo, the height of the letters reflects conservation of the active site 

residues while the color code used refers to the chemical properties of the corresponding residue [green: polar 

residues, black: hydrophobic residues, red: acidic residues, blue: basic residues and purple: neutral residue (at 

physiological pH)]. Adapted from Mayol et al., 2019. 

 

A focus has been done on the enzymes active towards non Ω-keto-α-amino acids as the one in 

G2 group. The goal being to better understand the potential of nat-AmDHs to aminate carbonyl 

substrates with no functional requirement, the light has been shed on CfusAmDH and MsmeAmDH P1-

P20 homologs, namely G3 and G4 groups. Also, the enzymes belonging to G5 group did not share any 

particular P1-P20 consensus and was therefore not considered. During the deeper analysis of the active 

site pockets of G3 and G4 members during the first year of my PhD work, a new position was added 

between P4 and P5 (see Chapter III, I.1). This spatial position is occupied by hindered residues in 

CfusAmDH and MsmeAmDH but by a short one without any suspected role in AmDH4; this position was 

therefore not considered in the first ASMC classification based on AmDH4. The updated P1-P21 

numbering will be used in the rest of this manuscript. As exemplified by the structures of AmDH4, 

MsmeAmDH and CfusAmDH, some variability in P1-P21 can be observed among the family (Appendix 

5). For example, other residues than Tyr at position P10 (Y168, CfusAmDH numbering) hypothesized to 

bind the ketone, can be found and all the same for position P12 (F169, MsmeAmDH numbering) thought 

to be essential for closing the active site during catalysis.  
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II.2.6.3 Expansion of the family by exploring metagenomic databases 

In 2020, thanks to a collaboration between our team and the one of A. Bommarius from Georgia 

Tech Institute, Caparco et al. identified other members of this family among metagenomics databases, 

hitherto unexplored for their biocatalytic resources. These databases comprise IGC (Integrated Gene 

Catalog) sourced from the human microbiome, OM-RGC (Ocean Microbial Reference Gene Catalog) and 

MATOUv1 (Marine Atlas of Tara Oceans Unigenes) from marine samples resulting from the worldwide 

expedition Tara Oceans whose Genoscope was the main sequencing center (Caparco et al., 2020). Some 

of the selected enzymes and, in particular, MATOUAmDH2 from an eukaryotic organism, displayed the 

highest native activities recorded to date among nat-AmDHs towards aliphatic aldehydes, such as 

isobutyraldehyde (170) (11.1 U mg-1) and pentanal (175) (0.6 U mg-1). Above all, this enzyme with low 

homology with already characterized nat-AmDHs (< 34%) also showed high activity towards 1,2-

cyclohexadione (176) and slight activity towards bulkier substrates such as norcamphor (177) or 

benzaldehyde (31), not substrates of previously identified nat-AmDHs. The structure of this enzyme and 

the 17 other identified ones were modeled using CfusAmDH and MsmeAmDH as templates. The 

noticeable differences in terms of P1-P21 positions can explain their different cofactor specificities 

(NADH-dependent enzymes, excepting MATOUAmDH2) and slightly different substrate scope 

compared to previously reported nat-AmDHs. Further studies including resolution of some 3D-

structures and protein engineering were required to better link structure and activity of these recently 

discovered enzymes which have a synthetic potential, as exemplified by the 85% conversion of 10 mM 

170 into isobutyrylamine (178) by IGCAmDH1 at 30°C or even 50°C (Scheme 28). Additional results have 

been obtained during my PhD and are detailed in this manuscript, notably the resolution of 

MATOUAmDH2 which have provided interesting insights (see Chapter II, I.1.1 and Chapter IV, II.5.2) 

(Bennett et al., 2022). 

 

Scheme 28. Example of reductive amination reaction catalyzed by IGCAmDH1 obtained from metagenomic data. RS 

= recycling system. 
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II.2.6.4 Summarized work on the discovery and engineering of native amine 

dehydrogenases 

Figure 17 and Table 3 illustrate the diversity of P1-P21 residues in the nat-AmDH family through 

a logo representation and a table of the conservation patterns of the main residues defining the catalytic 

pocket of the characterized members of this superfamily. The very restricted protein engineering work 

carried out on AmDH4 before the start of my PhD project, is also illustrated (Table 3). 

 

Figure 17. Logo representation of the pocket diversity found in the nat-AmDHs family and mutation 

work done on AmDH. This representation shows the conservation patterns of the main residues defining 

the catalytic pocket of characterized native AmDHs (AmDH2, AmDH4-5, AmDH7-9, MsmeAmDH, 

CfusAmDH, MicroAmDH, ApauAmDH, MycoAmDH, MvacAmDH, ChatAmDH, SgorAmDH, AcolAmDH, 

IGCAmDH1, IGCAmDH5 and MATOUAmDH2). For clarity, positions P13 and P14 have been removed 

from this Figure. The two neighboring residues before and after these residues are included as part of 

the logos to illustrate their environment. The mutated amino acids in AmDH4 engineering are placed 

above the corresponding WT residue and are highlighted in orange. The sequence numbering used is 

that of CfusAmDH. The color code is based on hydrophobicity (low hydrophobicity: blue, middle 

hydrophobicity: green, high hydrophobicity: black). Logos were generated using the webservice 

WebLogo3. Extracted from Ducrot et al., 2020. 
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Table 3. List of main residues defining the catalytic pocket in WT nat-AmDHs (black) and the corresponding mutated 

residues in the engineered enzyme (orange). AmDH4 mutants produced to attest the role of specific residues of the 

active site are not given in the table. 

 

 

Figure 18 highlights the main substrates of native AmDHs discovered throughout the different 

(meta)genomic minings. As the 4OP-AmDHs, these other nat-AmDHs preferentially formed the (S)-

amines, in contrast to engineered AADHs and LE-AmDH-v1, each of which giving the (R)-enantiomer for 

the reaction with 11 (following Cahn-Ingold-Prelog priority rules in the case of unfunctionalized carbonyl 

substrates). The latter is the amine source preferentially accepted by these native enzymes, but 

secondary activity towards 38 was also recorded for MsmeAmDH, MicroAmDH, CfusAmDH, MvacAmDH 

and ApauAmDH towards 170 and/or 45. The comparison with their activity in presence of 11 is difficult 

as the assays were done using with both NADH and NADPH whether used separately or as a mix. 

However, it is interesting to note that the activity towards 45 in presence of 38 greatly decreased for all 

enzymes (e.g. MicroAmDH activity of 90.4 mU mg-1 with 38 and a mix NADH/NADPH while being 614.5 

mU mg-1 and 388.5 mU mg-1 with 11 in presence of NADH and NADPH, respectively. With 170, the 

influence of the use of 38 as amine source was enzyme-dependent for the enzymes tested (Mayol et al., 

2019). Interesting new insights on a residue identification to expand the amine substrate scope was 

permitted thanks to MATOUAmDH2 structure and subsequent protein engineering work carried out by 

the team of Prof. Grogan and are described in Chapter IV, II.5.2. 
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Figure 18. Substrate specificity of the nat-AmDH family. The substrates associated to each enzyme were selected as 

the ones displaying the highest activities or considered as “new” substrates compared to the substrate scope of the 

whole family. If not mentioned, the amine substrate is 11. The blue and orange lines correspond to biodiversity 

mining and mutation work, respectively. The specific activities are given for information but not to be compared 

because all the assays were not done with the exact same reaction conditions. The following ones correspond to a 

range of typical conditions: 10 mM carbonyl substrate, 0.2 mM NAD(P)H cofactor, 1-2 M ammonium-based buffer 

pH 8-9.5, 20-25°C. For the sake of clarity, the numbering of the molecules is not indicated. [a] Activity assays done 

with 100 mM carbonyl substrate and 0.3 M ammonium-based buffer [b] Activity assays performed at 50°C. Adapted 

from Ducrot et al., 2020. 
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II.3 Conclusion on the state-of-the art on biocatalysts for amine synthesis 

Paragraph III summarizes the considerable effort exert in the discovery of diverse enzyme 

templates for reductive amination reaction. The main families, namely AmDHs from engineering on 

AADHs, native AmDHs and RedAms/IREDs complement each other reaching a diversity of carbonyl and 

amine substrate scopes and enantioselectivities. Although they are still less described and applied in 

synthesis than the TAs, they provide a good alternative to this family that can suffer from waste induced 

by the sacrificial amine donor and the unfavored thermodynamic equilibrium. However, they still require 

further improvements to reach competitive broad substrate spectrums and catalytic efficiency for 

application in industrial synthesis.  

III. Conclusion, objectives and strategy 

A vast diversity of approaches are currently used and investigated to find always more efficient 

biocatalysts applicable in synthesis. These encompass either to find new native sequences among 

biodiversity, for example by taking advantage of the source microorganism features and natural 

environment, to improve the already known sequences through random to target engineering or to 

design a biocatalyst on demand to satisfy a specific functionality in synthesis. The richness of techniques 

available always provides to the researchers one method that will suit their needs and constraints in 

terms of biochemical or structural data available, screening capacities or bioinformatic expertise.  

The amine moiety being ubiquitous in synthetic compounds either in pharmaceuticals, 

agrochemicals or general fine chemicals, the direct reductive amination is a highly desirable reaction for 

the chemists and for researchers in biocatalysis to apply it to greener processes. From the pioneer work 

of Bommarius and co-workers in 2012 with the engineering of AADHs, the discovery of native AmDH 

sequences in our group to that of RedAms and IREDs by the group of Prof. Nicholas Turner, this portfolio 

of enzymes has greatly expanded thanks to a huge effort of biodiversity mining and engineering work 

to provide a large number of enzyme templates for reductive amination. Some of them were already 

applied for the synthesis of compounds of interest such as Rotigotine (92) or lysine-specific 

demethylase-1 inhibitor GSK2879552. About the native AmDH family, the previous work of Ombeline 

Mayol in our laboratory enabled the discovery and characterization of the first AmDH native sequences 

that was completed with the involvement of Adam Caparco for the expansion of the family through 

metagenomic mining. A collaboration with the team of Prof. Grogan resulted in the first crystallographic 

data for some nat-AmDHs but no deep study was carried out to further understand the nat-AmDHs 

structure and mechanism or try to improve them through engineering. In line with the objectives of the 
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research unit, the biocatalysis team focused on the first steps of biocatalyst discovery and improvement 

Thus, we aim at giving access to new templates that could be used by other groups for deeper catalytic 

improvement and process optimization for application in synthesis. In this context, the objectives my 

PhD project were as follows: 

▪ Gain more insights into the  nat-AmDHs from a structural point of view but also through 

biochemical characterizations of their stability, substrate scope, stereoselectivity, cofactor 

preference, etc. 

▪ Provide first improvements of the nat-AmDHs through protein engineering or in vivo 

evolution to expand their substrate scope, increase their stability or modify their cofactor 

preference 

▪ Identify novel nat-AmDHs in the biodiversity with native target features of enlarged 

substrate scope or stereoselectivity  

The results corresponding to the research work carried out to achieve these objectives are discussed in 

the Chapter II, III and IV, respectively. 
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CHAPTER II  

Characterization and comprehension of native 

amine dehydrogenases 

 

 

 With the aim to find new nat-AmDHs that could perform the desired reaction with a larger 

carbonyl or amine substrate scope, exhibiting a different cofactor specificity or even the opposite 

enantioselectivity, it was important to further characterize the set of nat-AmDHs we already have in 

hands. Taking advantage of the 3D crystallographic structures available and the possibility to generate 

homology models, we provide in this chapter a structural description of the nat-AmDHs. The goal was 

to complete the first descriptions published by Mayol et al. (2019) and Caparco et al. (2020) by studying 

the global structures and active sites of the already described nat-AmDHs and the members of the G3 

and G4 groups of the ASMC1 classification (see Chapter I, II.2.6.2, Figure 16) (Mayol et al., 2019). Our 

knowledge on the active site and mechanism was completed with a mutational work that aimed at 

providing further explanations of the role of some of the P1-P21 residues. Following on from the 

collaboration established with the team of Prof. Bommarius in the discovery of nat-AmDHs in 

metagenomic data (see Chapter I, II.2.6.3), we investigated the stability of some nat-AmDHs to complete 

the only experimental data reported yet on melting temperatures obtained by Adam Caparco (Caparco 

et al., 2020). The study of their carbonyl substrate scope was also widened with a particular interest for 

the short (hydroxy)ketones and phenyl substituted aldehydes, still not previously studied. Eventually, a 

very preliminary work is described to estimate the potential of the nat-AmDHs to perform reductive 

sulfidation in presence of a sulfur donor instead of 11.  

I. Structural description 

I.1 Global structure 

I.1.1 Description 

As mentioned in Chapter I, II.2.6.2, 3D-structures of AmDH4 (PDB: 6G1H, 6G1M), CfusAmDH 

(PDB: 6IAU) and MsmeAmDH (PDB: 6IAQ) were solved before the beginning of my PhD project, by our 

collaborators, the Laboratory of Structural and Applied Enzymology of Prof. Gideon Grogan from the 

University of York. During my thesis, the structure of MATOUAmDH2 (PDB: 7ZBO, 7R09) was obtained 
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by his PhD student, Megan Bennett (Bennett et al., 2022). I had the opportunity to exchange with her 

and Pr. Grogan, as I was studying the corresponding model of this enzyme. Her main objectives were to 

solve the structure of MATOUAmDH2 and modify it by targeted protein engineering to gain more 

insights into its particular substrate scope. Our results were interesting to share as they were beneficial 

for each of our research goals. I gained a first expertise into the field of enzyme modeling and 3D analysis 

thanks to a training that I attended at the start of my project [“Modélisation 3D des protéines”, taught 

by Véronique Martin and Dr. Gwenaëlle André-Leroux from the Applied Mathematics and Computer 

Science, from Genome to Environment (MaIAGE) Research Unit at the National Research Institute for 

Agriculture, Food and the Environment (INRAE)]. AmDH4 structure was obtained in complex with NAD+ 

(PDB: 6G1H) and in complex with NADP+ and PO4- (PDB: 6G1M). CfusAmDH was crystallized in complex 

with NADP+ and cyclohexylamine (179) while MsmeAmDH was obtained only in complex with NADP+. 

All the crystallized structures revealed a dimeric structure similar to meso-diaminopimelate 

dehydrogenases, with a well-conserved Rossmann fold in the N-ter domain, but significant differences 

in the C-ter β-sheet domain (Figure 19). The two monomers are linked thanks to the interaction of an α-

helix (F140-G154) located in the N-ter and a β-strand (D291-R297) of the C-ter. The NADP+ cofactor was 

bound within the cleft between the two domains in each monomer. 

 

Figure 19. Structure of CfusAmDH. (A) Dimeric structure of CfusAmDH (PDB: 6IAU). Chain A and B are represented 

in blue and green, respectively. The α-helix and the β-strand that form the interactive segments between the two 

monomers are represented in light blue and light green, respectively. (B) Monomeric structure of CfusAmDH (PDB: 

6IAU, chain B) in complex with NADP+ (orange). N-ter and C-ter are highlighted in green and yellow, respectively. 

 

The superposition of the two monomers of AmDH4 revealed that the structure can adopt two 

conformations, open and closed. While the N-ter folding remains unchanged, the helical segment N172-

S189 and the loop T237-G259 are highly displaced between the open and the closed conformation. For 

example, in AmDH4, for the helical segment and the loop, a distance of 9.1 Å and 10.3 Å, respectively, 

can be observed between a C-atom of the backbone in chain A (open) and the same atom in chain C 

(closed). MATOUAmDH2, obtained as two dimers, also displaying open and closed conformations, 
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seems to adopt a more opened conformation than any other nat-AmDH structure. Indeed, a shift of only 

4.4 Å and 6.6 Å of the helical segment and the loop, respectively, can be measured between the more 

opened and the closest conformation (Figure 20). In nat-AmDHs, this movement could enable the active 

site closing to bring the key residues and the substrates in closer proximity to start the reaction. For 

instance, in MATOUAmDH2 open form, E111 (P3) is 8.9Å and 11.6 Å away from Y171 (P10) and Y176 

(P12), respectively, while in its closed form, P3 is at a distance of 7.2Å and 7.4 Å of these same residues 

[distances between E111 (OE2) and Y171 (CZ) and Y176 (CB)]. Notably, this displacement is accompanied 

by a torsion of the β-strand V227-T237 (Figure 20B). 

 

Figure 20. Structure of MATOUAmDH2 in complex with NADP+ (PDB: 7ZBO) with alignment of chains C and D. (A) 

Overall view of the open chain (chain D, in yellow) and the closest chain (chain C, in blue) (B) View focused on the 

highly flexible sections described here. Distances are given in Angstroms (Å). RMSD (MATOUAmDH2 chain C – chain 

D) = 0.237Å 

 

We recently gained an additional understanding of these enzymes through MD simulations carried out 

for the study of the substrate spectrum expansion described in Chapter III, I.4.7.2.  

I.1.2 Diversity within the reported native amine dehydrogenases 

The nat-AmDHs with validated activity available at the start of the project shares between 19.6% 

and 89.9% identity over the whole length of the sequence (Figure 21). When considering the diversity of 

nat-AmDHs described by the ASMC analysis (Mayol et al., 2019) and particularly CfusAmDH and 

MsmeAmDH P1-P21 homologs (G3 group, 28 members and G4 group, 263 members, respectively) 

(Figure 16) the global structure is conserved with a N-ter Rossmann fold domain and C-terminal domain 

comprising a seven-stranded β-sheet and the cofactor NAD(P)+ bound within the cleft between the two 

domains. 



 

104 

 

 

Figure 21. Sequence identity matrix of the reported nat-AmDHs. Sequence identity is highlighted in shades from 

white and light grey for low values to orange and red for high values. This matrix was done using Clustal Omega 

webservice (Goujon et al., 2010; McWilliam et al., 2013; Sievers et al., 2011). 

 

The comparison of the 3D-structures of CfusAmDH, MsmeAmDH and MATOUAmDH2, and the 

models generated for the proteins with no 3D-structure available revealed only few structural 

differences. Notably, the segment D186-S210 (CfusAmDH numbering), located between the helical 

section of the closing loop (N142-S189) and Y202 of the active site, adopt generally a helical 

configuration (3-4 turns) with a linker segment to the Y202-L214 helix but in some cases, such as in 

MATOUAmDH2, RgnaAmDH and DfaiAmDH, this section is 6-to-16-residues longer and cannot follow 

this particular 3D arrangement (Figure 22). It might have an impact on the overall enzyme folding or 

flexibility that could be related to the protein stability but no further analysis was done. However, it is 

important to have in mind that such comparisons are made using models, which are highly dependent 

upon the template used to generate them. This is all the more the case when the sequence homology 

is low. Now that artificial intelligence systems, such as AlphaFold2, were proven highly accurate, this 

structural prediction should also be used to remove the bias of the template in the case of too low 

sequence identity and allow us to compare structures without having resolved 3D-structure.  
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AmDH4 100 53.6 24.1 22.2 22.6 23.3 24.2 22.4 23.3 22.4 23.0 25.1 24.7 25.2 23.6 26.9 25.7 23.6 24.5 24.2 25.4 24.2 25.1 26.1 24.6

Tther AmDH 53.6 100 22.0 20.8 28.6 24.5 25.2 25.2 26.0 26.7 26.5 30.6 30.9 28.9 28.1 28.6 27.1 27.8 28.8 29.1 30.4 28.9 28.6 30.8 30.5

MATOUAmDH1_design 24.1 22.0 100 52.7 21.2 32.3 34.1 32.4 30.2 32.0 32.9 33.7 34.0 33.8 30.2 35.9 33.7 32.6 33.4 29.1 27.8 29.4 29.4 29.9 30.1

MATOUAmDH2_design 22.2 20.8 52.7 100 19.6 31.8 34.8 32.9 28.8 33.4 33.2 33.9 31.9 34.3 30.2 34.8 32.4 32.3 33.3 28.1 31.3 32.3 30.2 32.6 32.3

OM-RGCAmDH2 22.6 28.6 21.2 19.6 100 25.8 29.1 27.4 29.4 28.8 27.0 27.6 28.8 27.4 27.6 26.1 27.0 27.6 27.3 32.9 34.2 32.8 32.1 33.0 31.8

Rgna AmDH 23.3 24.5 32.3 31.8 25.8 100 59.8 49.3 44.6 53.5 51.8 47.2 45.7 45.9 49.0 48.7 49.7 51.0 49.1 34.5 35.1 37.8 35.4 35.9 34.8

Dfai AmDH 24.2 25.2 34.1 34.8 29.1 59.8 100 49.0 45.5 59.1 51.9 49.6 49.0 52.7 50.9 50.9 52.3 51.2 51.0 36.9 35.8 38.1 37.0 40.1 38.9

Cfus AmDH 22.4 25.2 32.4 32.9 27.4 49.3 49.0 100 40.6 58.6 49.7 37.9 39.9 45.3 46.9 43.8 45.9 47.1 46.2 33.9 37.9 37.1 37.3 37.1 37.5

Sgor AmDH 23.3 26.0 30.2 28.8 29.4 44.6 45.5 40.6 100 52.2 56.7 53.7 58.6 52.9 58.3 54.7 55.8 59.6 56.0 36.8 40.4 40.6 37.4 38.5 38.6

Apau AmDH 22.4 26.7 32.0 33.4 28.8 53.5 59.1 58.6 52.2 100 65.6 50.4 52.3 57.4 61.0 57.5 61.6 60.4 59.5 40.7 38.1 41.2 38.4 38.5 38.2

IGCAmDH2 23.0 26.5 32.9 33.2 27.0 51.8 51.9 49.7 56.7 65.6 100 57.4 58.6 59.2 65.7 63.5 65.0 66.0 63.9 36.7 38.5 39.8 35.9 39.7 39.8

IGCAmDH6 25.1 30.6 33.7 33.9 27.6 47.2 49.6 37.9 53.7 50.4 57.4 100 66.7 64.5 62.9 65.8 64.6 67.3 65.2 39.8 38.7 40.3 39.6 39.4 37.6

IGCAmDH4 24.7 30.9 34.0 31.9 28.8 45.7 49.0 39.9 58.6 52.3 58.6 66.7 100 62.9 60.7 68.0 65.7 69.6 67.0 39.0 39.1 41.2 38.4 39.7 39.4

IGCAmDH5 25.2 28.9 33.8 34.3 27.4 45.9 52.7 45.3 52.9 57.4 59.2 64.5 62.9 100 67.0 69.7 68.5 71.7 67.4 38.2 40.6 40.7 39.7 41.6 39.3

IGCAmDH3 23.6 28.1 30.2 30.2 27.6 49.0 50.9 46.9 58.3 61.0 65.7 62.9 60.7 67.0 100 65.4 70.4 73.6 67.9 34.4 41.5 40.3 38.0 38.5 36.9

Crypt AmDH 26.9 28.6 35.9 34.8 26.1 48.7 50.9 43.8 54.7 57.5 63.5 65.8 68.0 69.7 65.4 100 73.9 77.7 73.3 37.9 37.1 41.5 39.1 42.1 39.5

IGCAmDH1 25.7 27.1 33.7 32.4 27.0 49.7 52.3 45.9 55.8 61.6 65.0 64.6 65.7 68.5 70.4 73.9 100 80.1 75.4 36.5 38.3 41.5 38.5 38.2 37.1

Chat AmDH 23.6 27.8 32.6 32.3 27.6 51.0 51.2 47.1 59.6 60.4 66.0 67.3 69.6 71.7 73.6 77.7 80.1 100 82.0 37.9 41.2 41.5 37.4 38.8 37.4

Acol AmDH 24.5 28.8 33.4 33.3 27.3 49.1 51.0 46.2 56.0 59.5 63.9 65.2 67.0 67.4 67.9 73.3 75.4 82.0 100 38.9 40.8 40.6 37.8 39.1 37.1

OM-RGCAmDH1 24.2 29.1 29.1 28.1 32.9 34.5 36.9 33.9 36.8 40.7 36.7 39.8 39.0 38.2 34.4 37.9 36.5 37.9 38.9 100 41.5 44.1 42.4 43.2 42.6

Micro AmDH 25.4 30.4 27.8 31.3 34.2 35.1 35.8 37.9 40.4 38.1 38.5 38.7 39.1 40.6 41.5 37.1 38.3 41.2 40.8 41.5 100 64.1 63.3 66.0 64.8

Porti AmDH 24.2 28.9 29.4 32.3 32.8 37.8 38.1 37.1 40.6 41.2 39.8 40.3 41.2 40.7 40.3 41.5 41.5 41.5 40.6 44.1 64.1 100 69.7 68.0 66.5

Myco AmDH 25.1 28.6 29.4 30.2 32.1 35.4 37.0 37.3 37.4 38.4 35.9 39.6 38.4 39.7 38.0 39.1 38.5 37.4 37.8 42.4 63.3 69.7 100 74.9 74.6

Msme AmDH 26.1 30.8 29.9 32.6 33.0 35.9 40.1 37.1 38.5 38.5 39.7 39.4 39.7 41.6 38.5 42.1 38.2 38.8 39.1 43.2 66.0 68.0 74.9 100 89.9

Mvac AmDH 24.6 30.5 30.1 32.3 31.8 34.8 38.9 37.5 38.6 38.2 39.8 37.6 39.4 39.3 36.9 39.5 37.1 37.4 37.1 42.6 64.8 66.5 74.6 89.9 100
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Figure 22. Variable helix in nat-AmDHs. Alignment of CfusAmDH (blue) and MATOUAmDH2 (green) and RgnaAmDH 

(brown). The segments D186-S201 (CfusAmDH numbering) are highlighted in light blue, light green and light brown 

in CfusAmDH, MATOUAmDH2 and RgnaAmDH, respectively. Root Mean Square Deviation (RMSD) (MATOUAmDH2-

CfusAmDH) = 1.376 Å ; RMSD (RgnaAmDH-CfusAmDH) = 0.898 Å. 

II. Comprehension of the role of the essential residues in the active site 

Among all the residues that form the active site, only P3 (E108 in CfusAmDH), was already 

evidenced to have a key role for both fixation and activation of NH3, with a drastic drop of activity 

measured with the corresponding Ala mutant (Mayol et al., 2019). Before my work, other positions had 

already been hypothesized to (un)directly take part in the enzymatic mechanism. These first assumptions 

were based on the occurrence of the residue in the nat-AmDH sequences, their positioning inside the 

active site in the crystal structures, their distance to the crystallized or modelized product or substrate 

and the knowledge of the global mechanism of a reductive amination. P12 (Y173) may enable to close 

the active site, P17 (Y202) to anchor the P3 catalytic residue in a favorable position towards NH3 and the 

cofactor and P10 (Y168) to ensure the well positioning of the substrate in the active site (Figure 23). For 

clarity, the active site is generally observed from the point of view shown in Figure 23 where the active 

site part constituted by, among others, L177 (P13) and Y173 (P12) is called the active site ceiling while 

the part formed by Q141 (P6) or W145 (P8) is called the active site floor. 
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Figure 23. CfusAmDH active site. The positions studied in this part are highlighted as follows: P3 (E108) in pink, P12 

(Y173) in green, P17 (Y202) in beige, P10 and P18 (Y168 and C269, respectively) in orange and other residues forming 

the active site in blue. NADP+ and 45 are represented in grey and yellow, respectively. Distances are given in 

Angstroms (Å). 

 

We carried out the same strategy by mutating specific residues into unfunctional or smaller 

residues and test their activity to check their key role in the reaction. The mutations to applied were 

determined either based on pure structural considerations or on the occurrence of some residues in the 

biodiversity. The “biodiversity” considered here is the set of G3 and G4 groups, gathering CfusAmDH 

and MsmeAmDH P1-P21 homologs obtained from the first ASMC (Mayol et al., 2019). The diversity of 

P1-P21 in G3 and G4 is given in Figure 24 and Appendix 5. However, it has to be noted that the diversity 

within the same ASMC group is, by definition, limited as the classification is done based on position 

homology. This work was first to highlight the role of some active site residues but was also used to 

determine a minimum active site required for the structural biodiversity exploration to find structural 

analogs, detailed in Chapter IV, II.4. 

 

Figure 24. Logo representation of the conservation pattern of P1-P21 positions among ASMC1 G3 and G4 groups. 

The color code used refers to the polarity and charge of the corresponding residue [blue: polar residues, yellow: 

hydrophobic residues, orange: aromatic residue, red: negatively charged residues, and green: positively charged 

residues (charges at physiological pH)]. The logo was generated using the webservice WebLogo3. 
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II.1 P3 for catalytic activity 

In the nat-AmDHs, the catalytic position P3 is mainly occupied by a Glu residue positioned with 

OE2 atom at around 4.5 Å of the cofactor C4N atom allowing the  hydride release for the imine reduction. 

The only known exception is OM-RGCAmDH2 (Caparco et al., 2020) which harbors a shorter Asp residue 

at this position. However, this enzyme could only be produced at really low expression rate thus 

preventing any further investigation. Bearing the same chemical function but on a shorter side chain 

than Glu, Asp residue could fix NH3 but maybe closer to the active site floor, and therefore influence the 

enantioselectivity. To demonstrate the possibility of having an Asp at P3 the mutant CfusAmDH-E108D 

was produced by targeted protein engineering, overexpression in E. coli (see Experimental section, II.2, 

II.3 and II.4) and purification on a Ni-nitrolo acetic acid (NTA) column thanks to a hexahistidine sequence 

tag (His-tag) placed at the N-ter. The mutant was assayed towards a range of carbonyl substrates 

[isobutyraldehyde (170), pentanal (175), 1-hydroxypropan-2-one (180), cyclohexanone (45), pentan-2-

one (112), pentan-3-one (181)] in presence of either NADH or NADPH (Figure 25). The common 

spectrophotometric assay, detailed in the Experimental section, III.1, is based on the monitoring at 340 

nm of the decrease concentration of the reduced form of NAD(P)H (see Chapter I, II.2.6.2, Scheme 27). 

Unless when written or indicated with error bars, all the specific activities described in Chapter II, II, were 

calculated from one replicate. 

 

Figure 25. Influence of mutations at P3 in CfusAmDH. (A) Specific activity (mU mg-1) of CfusAmDH and its P3 variant. 

The reaction conditions were as follows: final volume 100 µL, 10 mM carbonyl substrate, 1 M NH4HCO2 buffer pH 

8.5, 0.2 mM NADPH or NADH, 0.03-0.15 mg mL-1 purified enzyme, room temperature (RT). (B) CfusAmDH active site 

with P3 highlighted in yellow. 

 

CfusAmDH was inactivated upon E108D mutation towards a range of typical substrates, proving 

that, in CfusAmDH-like structure, an Asp residue at P3 is not correctly positioned to fix NH3 in the active 

site. This may be due to a longer distance found between the O of the Asp carboxylate and the C4N of 
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the cofactor, estimated > 5 Å in PyMol. The residual activity obtained towards 170 and 45 in presence 

of NADPH should be confirmed by doing the reaction in duplicates. Nevertheless, this result did not 

mean that in other structures with a possible different cofactor positioning, an Asp residue could not be 

appropriate for P3 function. This example represents the drawback to use a reference enzyme to estimate 

if some positions of the active site can or cannot be occupied by one particular residue. Such an Asp 

residue responsible of NH3 activation has been reported for example in meso-diaminopimelate 

dehydrogenase (D92 in PDB: 3WBF) (Liu et al., 2014). 

II.2 P12 for active site closing 

P12 position is located in the active site ceiling in the closing helical segment N172-S189 

(CfusAmDH numbering) mentioned in Chapter II, I.1.1 (Figure 23). The nat-AmDHs diversity among 

G3/G4 also displays very little variability with mainly Phe and Tyr residues except in OM-RGCAmDH1, 

OM-RGCAmDH2 and MATOUAmDH1, three enzymes poorly expressed in E. coli, where it is occupied by 

Ala, Leu and Asn, respectively. The approach was, first, to remove the steric hindrance of Phe/Tyr residues 

by modification in Ala in CfusAmDH, MsmeAmDH and MATOUAmDH2. The three mutants were 

produced as described for P3 mutants and detailed in Experimental section, II. The purity of MsmeAmDH-

F169A was not sufficient to be included in the specific activity assay performed on CfusAmDH and 

MATOUAmDH2 WT and mutants towards 170, 45 and 175 (Figure 26). 

 

Figure 26. Influence of mutations at P12 in CfusAmDH and MATOUAmDH2. (A) Specific activity (mU mg-1) of 

CfusAmDH, MATOUAmDH2 and P12 variants. The reaction conditions were as follows: final volume 100 µL, 10 mM 

carbonyl substrate, 1 M NH4HCO2 buffer pH 8.5, 0.1 mM NADPH, 0.1 mM NADH, 0.05-0.22 mg mL-1 purified enzyme, 

RT. (B) CfusAmDH active site with P12 highlighted in yellow. 

 

As expected, the reduction of the residue size at P12 from Tyr to Ala led to almost complete loss 

of activity. This study was completed by two additional mutations on CfusAmDH, Y173L and Y173N to 

test the potential of residues found in OM-RGCAmDH2 and MATOUAmDH1. CfusAmDH-Y173L and 
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CfusAmDH-Y173N were also inactive, even towards substrates that are more specific to MATOUAmDH1 

[methylisobutylketone (104), 4-oxopentanoate (152) or benzaldehyde (31)], the enzyme harboring an 

Asn at this position (data not show). Altogether, these observations support the hypothesis of the 

importance of the recurrent Phe/Tyr residue at P12 position for substrate positioning and pocket closing 

in structures similar to CfusAmDH. The movement inducing the pocket closing/opening is more 

described in Chapter III, I.4.7.2.1. 

II.3 P17 for correct positioning of P3 

As P3 and P12, P17 is a position that does not display high variability of residues in G3 and G4 

groups. The majority of the known enzymes harbors a hindered Tyr or Phe residues, parallel to P3, that 

were hypothesized to help the correct positioning of the catalytic residue through anion-π interactions 

(Lucas et al., 2016) and steric hindrance (Figure 23). Some exceptions, such as OM-RGCAmDH1, OM-

RGCAmDH2 and a set of uncharacterized nat-AmDHs (A0A1N7N2Q9, A0A1X4NNW3, A0A1I3IZQ4, 

L9XSF2, A0A1L1VXV4, A0A076NBW6) harbor Pro, Gly, Val, Leu and Ser at this position with similar 3D-

arrangement than in CfusAmDH or MsmeAmDH when looking at their predicted structure from 

AlphaFold2 available on Uniprot. In AmDH4, the linker section between the helixes T181-S191 and G199-

G212 (D186-S210 and Y202-G215 in CfusAmDH, Figure 22) takes a highly different 3D-arrangement as 

compared to nat-AmDHs of G3 and G4, with a longer section G192-I198 located in the P17 area without 

bearing any big aromatic residue (Appendix 6). In the reference enzymes, CfusAmDH, MsmeAmDH and 

MATOUAmDH2, P17 was mutated into Ala. The purity of MsmeAmDH-F199A was not sufficient to be 

included in the specific activity assays performed on CfusAmDH and MATOUAmDH2 WT and P17 

mutants towards 170, 45 and 175  (Figure 27). 

 

Figure 27. Influence of mutations at P17 in CfusAmDH and MATOUAmDH2. (A) Specific activity (mU mg-1) of 

CfusAmDH and MATOUAmDH2 P17-variants. The reaction conditions were as follows: final volume 100 µL, 10 mM 

carbonyl substrate, 1 M NH4HCO2 buffer pH 8.5, 0.1 mM NADPH, 0.1 mM NADH, 0.05-0.22 mg mL-1 purified enzyme, 

RT. (B) CfusAmDH active site with P17 highlighted in yellow. 
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The activity towards all the substrates tested decreased substantially compared to the WT enzymes 

but a residual activity could be detected especially with MATOUAmDH2-Y176A. This observation 

confirmed the importance of the presence of hindered residues or hindered sections, as found in 

AmDH4, for P3 positioning. However, even if Glu of P3 is not anchored in a good orientation by Phe or 

Tyr, it can still statistically adopt the optimum positioning to start the reaction but on a much lesser 

extent regarding the energy supplied to the system.  

II.4 P10 and P18 for substrate positioning and stabilization 

 Understanding the substrate positioning and stabilization system in the pocket could help to 

gain more insights into the nat-AmDHs substrate spectrum and their (S)-stereoselectivity. The docking 

of 45 and 11 inside the active site of CfusAmDH and MsmeAmDH structures complexed with NADP+ 

revealed a particular orientation of 45 carbonyl moiety towards the P10 position occupied by Y168 and 

W164 in CfusAmDH and MsmeAmDH, respectively. More precisely, the C=O moiety seems to point 

towards the functionalized moiety of P10 residues, the hydroxyl in Y168 with a distance between the two 

O-atoms of 3.2 Å and the N-atom of the indole moiety of W164 with a O-N distance of 2.9 Å. The 

residues at P10 were then hypothesized to take part on the substrate stabilization in the active site in a 

position favorable for the reaction. The diversity among nat-AmDHs is limited to bulky Trp, Tyr and Phe 

but some enzymes also harbor small and/or unfunctionalized residues such as Ile, Thr or Val (OM-

RGCAmDH1, OM-RGCAmDH2 and L9XSF2, respectively). To a lesser degree, the P18 position could also 

be implied in this mechanism as a second layer key residue. This position is highly conserved among 

nat-AmDHs with mainly Cys and Met residues but also Ser and Thr in the nat-AmDHs set (Appendix 5), 

the distance between the carbonyl moiety and the hydroxyl or the thiol of the short Cys/Ser/Thr residues 

make it impossible to consider any stabilizing hydrogen bond. CfusAmDH and MsmeAmDH were 

mutated at those two positions in order to verify the role of P10 and P18 residues in the enzyme 

mechanism. First, the mutation Y168 (CfusAmDH) and W164 (MsmeAmDH) in Phe mimicked the loss of 

the stabilizing hydroxyl without removing the hindrance. On the other hand, the mutation into Thr led 

to the opposite feature by maintaining the hydroxyl function while removing the hindrance. The specific 

activity of the corresponding variants CfusAmDH-Y168F/T and MsmeAmDH-W164F/T was assayed 

towards a range of carbonyl substrates 170, 45, 175, 112, 181 in presence of whether NADH or NADPH 

cofactor (Figure 28). 
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Figure 28. Influence of mutations at P10 in CfusAmDH and MsmeAmDH. (A)-(C) Specific activity (mU mg-1) of 

CfusAmDH and MsmeAmDH P10-variants, respectively. The reaction conditions were as follows: final volume 100 

µL, 10 mM carbonyl substrate, 1 M NH4HCO2 buffer pH 8.5-8.8, 0.2 mM NAD(P)H, 0.02-0.3 mg mL-1 purified enzyme, 

RT. (B)-(D) CfusAmDH and MsmeAmDH active sites with P10 highlighted in yellow. 

 

Rather than leading to a drop in activity with the mutation P10F, the mutants CfusAmDH-Y168F 

and MsmeAmDH-W164F displayed similar or higher activity than the WT enzymes depending on the 

cofactor used. With CfusAmDH-Y168F, the activity was estimated 1.7-to-1.8-fold higher towards 170 

and 45, respectively, only in presence of NADH, while being rather similar to the WT with NADPH. On 

the other hand, MsmeAmDH-W164F displayed 2.8-to-4.1-fold higher activity towards 170 and 45, 

respectively, in presence of NADPH, but 1.2-to-2.7-fold lower activity towards the same substrates in 

presence of NADH. The cofactor-dependent influence of the mutations P9F is hard to explain as the 

cofactor is located on the opposite side of the mutated residue in the active site. MD simulations could 

help to attest a change in cofactor and substrate positioning in the pocket in presence or absence of the 

mutation. Regardless of this aspect, the present results does not confirm the necessity of a functionalized 

residue at P10 position to stabilize the substrate. The steric hindrance of the residue seems to be of 

higher importance as the mutants P10T, CfusAmDH-Y168T and MsmeAmDH-W164T, were inactive. We 
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further investigated this hypothesis by mutating Y168 of CfusAmDH in amino acids of decreasing steric 

hindrance (His, Ile, Leu) completed with the double mutation Y168F/C269A in CfusAmDH and 

W164F/M266A in MsmeAmDH to attest the role of P18 residues (Figure 29). All the mutants were then 

assayed for specific activity towards 170, 45 and 175 in a presence of a mix of NADH/NADPH to avoid 

the cofactor dependency. 

 

Figure 29. Influence of additional mutations at P10 in CfusAmDH and double mutations at P10 and P18 in CfusAmDH 

and MsmeAmDH. (A)-(C) Specific activity (mU mg-1) of CfusAmDH and MsmeAmDH P10- and P18-variants, 

respectively. The reaction conditions were as follows: final volume 100 µL, 10 mM carbonyl substrate, 1 M NH4HCO2 

buffer pH 8.5-8.8, 0.2 mM NAD(P)H, 0.02-0.3 mg mL-1 purified enzyme, RT. (B)-(D) P10 and P18 highlighting (yellow) 

in CfusAmDH and MsmeAmDH, respectively. CfusAmDH and MsmeAmDH active sites with P10 and P18 highlighted 

in yellow. 

 

CfusAmDH-Y168F obtained from a previous batch of mutants production was inactive even after 

storage at -80°C and was therefore not included in this second study. As observed with CfusAmDH-

Y168F, CfusAmDH-Y168H were found more active than the WT (3.3 and 1.7-fold higher towards 170 and 

45, respectively). Interestingly, the decreasing steric hindrance of the residues at P10 in CfusAmDH and 

the loss of aromatic side chain via Ile and Leu mutations retained a substantial activity towards 170 and 

45. As already observed with CfusAmDH-Y168F, CfusAmDH-Y168H were also found more active than 
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the WT (3.3 and 1.7-fold higher towards 170 and 45, respectively). The double mutation P10F/P18A also 

led to a decreasing activity as compared to the single mutant P10F, in the case of MsmeAmDH, but also 

to the WT. This observation seems to be in favor of the hypothesis about the role of P18 residues in the 

active site second layer, maybe for P10 positioning, but this mutation can also cause a left space in this 

area or even general destabilization of the enzyme folding. Due to a lack of time, the biocatalytic 

potential of CfusAmDH-Y168H and -Y168F could not be more deeply studied but it would be interesting 

to do so later, in view of the notable increased activities of these mutants.  

II.5 P6 for cofactor anchoring 

MD simulations detailed in Chapter III, I.4.7.2.3 revealed strong interactions between Q141 of 

CfusAmDH (P6) and the amide moiety of the cofactor. Hydrogen bonds between Q141 carboxylate and 

N-atom of the amide function of the cofactor might help the nicotinamide moiety anchoring inside the 

active site. This complements the already strong positioning of the rest of the molecule via the Rossmann 

fold domain. The set of nat-AmDHs shows a rather high diversity of amino acids at this position with 

mainly Gln and Glu but also Pro, Asn, Tyr and even residues without potential of hydrogen bond 

formation such as Phe, Ile and Leu. This hypothesis was not supported by any mutational work. 

II.6 Conclusion on the essential positions of the nat-AmDHs active site 

This study revealed the great importance of the presence of specific residues or specific features 

at some positions in the first layer of the active site. It confirmed the essential role of P3 in the mechanism 

but nuanced that of P10. It could be completed with kinetic parameters of all the mutants to have more 

insights into the effect of the mutations on the mechanism or on the affinity or catalytic efficiency. But 

it was not the main goal here so these time-consuming experiments were not carried out. Also, only the 

residues of the first layer were more deeply studied but one can note that some residues belonging to 

the second layer might also play a key role in the reaction but this is much more difficult to anticipate 

by just looking at static structures. Eventually, it has to be noted that the mutation can negatively affect 

one enzyme as the reference enzymes used here but can be beneficial in other enzymes harboring a 

similar 3D folding but with differences in the amino acids surrounding the mutational site.  

III. Stability of nat-AmDHs 

In a collaboration with the team of Prof. Andreas Bommarius from Georgia Tech Institute 

(Atlanta, USA), we investigated the stability of a set of nat-AmDHs. The aim of their study was to compare 

stability and oligomeric state of nat-AmDHs and other AmDHs derived from AADHs they published ten 

years ago (L-AmDH, F-AmDH and cFL1-AmDH described in Chapter I, II.2.4.1 and II.2.4.2). This work 
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includes Differential Scanning Fluorimetry (DSF), gel permeation and Size Exclusion Chromatography 

(OmniSEC), Analytical UltraCentrifugation (AUC), to access the sediment coefficient, and Microfluidic 

Modulation Spectroscopy (MMS). Adam Caparco and Bettina S. Bommarius, from this team, performed 

all these characterizations and we were mainly involved in the common stability assays of nat-AmDHs 

by monitoring their specific activity over time in different storage conditions. This key aspect of nat-

AmDHs stability is also of great importance to help the selection for biocatalytic applications. 

III.1 Stability of nat-AmDHs monitored though specific activity assays 

The set of nat-AmDHs studied comprises CfusAmDH, MsmeAmDH, MATOUAmDH2, IGCAmDH1, 

IGCAmDH5, SgorAmDH, AcolAmDH and ChatAmDH, characterized in previous publications (Caparco et 

al., 2020; Mayol et al., 2019) and known to be well overexpressed in E. coli. The storage parameters 

included the type of buffer (potassium phosphate or ammonium formate, pH) to understand the 

influence of ammonia (2 M) in the enzymes stability, the enzyme concentration (0.5 or 1 mg mL-1) and 

the temperature (4°C, 25°C and 37°C). Separate batches of each enzymes were stored for 6 days in these 

conditions and their specific activity towards 170 was regularly monitored by spectrophotometry assay 

(see Experimental section, III.2). The results are reported in Figure 30. First, it can be noted that there is 

no correlation between the enzyme concentration and stability. However the concentration tested are 

relatively low and the observation could be different at higher concentrations. Only IGCAmDH1 and 

MsmeAmDH seems to be sensitive to the presence of 11 as their remaining activity over time depends 

on the storage buffer with a preference for the ammonia-free one over AF at the same pH and 

temperature. For example, MsmeAmDH activity remained at 82.4% of the T0 activity after 6 days in 

potassium phosphate buffer while it dropped to 44.1% when stored in ammonium formate buffer, for 

the same enzyme concentration (1 mg mL-1) and temperature (4°C). Expectedly, the key parameter for 

enzyme stability is the temperature. In all cases, in potassium phosphate buffer, all the tested enzymes 

showed remaining activity > 80% after 6 days at 4°C. Interestingly, at the higher temperatures, 25°C or 

37°C, we observed three different profiles. One group of enzymes exhibited good stability at either 25 

or 37°C such as IGCAmDH1 (>70% after 6days), IGCAmDH5 (> 80%) and AcolAmDH with no loss of 

activity observed after 6days. Some others showed high stability at 25°C but progressive loss of activity 

at 37°C. It is the case for MsmeAmDH [14.3% after 6 days with half life (t1/2) around 2.5 days] and 

ChatAmDH (34.4% after 6 days with t1/2 around 2.5 days). Finally, CfusAmDH, SgorAmDH and 

MATOUAmDH2 were more sensitive to the temperature and displayed correct to good stability at 25°C 

(65.8 - 84.9% relative stability after 6days) but complete or almost complete loss of activity after only 

one day at 37°C. The particular instability of MATOUAmDH2 and SgorAmDH at higher temperatures is 

an issue as these enzymes are more active at 40 - 50°C (Caparco et al., 2020). At this time, we did not 
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have the results obtained with the AmDHs engineered from AADHs to establish a first comparison 

between these two types of structures. Regarding what is already published, one can notice that 

GkAmDH-M0 exhibited almost complete loss of activity after 4 days at 40°C (t1/2 around 1.5 days) while 

the complementary mutants GkAmDH-M3 and GkAmDH-M8 displayed t1/2 of around 18 and 8 days, 

respectively (Wang et al., 2021). Also, AspRedAm was shown to precipitate after only 1 h at 40°C (Aleku 

et al., 2017). 
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Figure 30. Relative remaining activity of IGCAmDH5, AcolAmDH, IGCAmDH1, ChatAmDH, MsmeAmDH, SgorAmDH, 

CfusAmDH and MATOUAmDH2 towards 170 after different storage conditions. 100% alludes to the enzyme specific 

activity measured the day of the purification (IGCAmDH5: 619.0-661.2 mU mg-1; AcolAmDH: 219.0-274.3 mU mg-1; 

IGCAmDH1 349.7-525.5 mU mg-1; ChatAmDH: 801.5-858.0 mU mg-1; MsmeAmDH: 59.0-147.2 mU mg-1; SgorAmDH: 

790.0-986.7 mU mg-1; CfusAmDH: 3.6-3.8 U mg-1; MATOUAmDH2: 3.4-4.0 U mg-1). Reaction conditions were as 

follows: final volume 100 µL, 10 mM 170, 2 M NH4HCO2 buffer pH 8.5, 0.2 mM NADH (NADPH for MATOUAmDH2), 

0.001-0.12 mg mL-1 purified enzyme, 40°C. Errors represent standard deviations of two independent experiments 

with two different enzymes aliquots stored in the same conditions. PP = potassium phosphate buffer; AF = 

ammonium formate buffer. 
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III.2 Correlation between experimental results and amine dehydrogenases 

structural features 

These observations and the results of the biophysical characterizations, especially enzymes 

melting temperature in presence of different concentration of 11 done at Georgia Tech (not shown), 

were correlated to in silico physico-chemical parameters. This rationalization approach, mainly done by 

Dr. Carine Vergne-Vaxelaire, is not detailed here. The most relevant structural parameters to explain the 

enzyme stability were the internal and external hydrophobicity, the number of salt bridges, the number 

of hydrogen bonds (Wang et al., 2018) and the occurrence of some key residues such as Arg, Gly, Pro or 

Cys that can impact enzyme flexibility. The putty representation in PyMol enables the visualization of the 

B-factor along the enzyme structure from apparent rigidity with low B-factor represented in blue and 

thin segments to apparent flexibility with high B-factor represented in red and large segments. This 

representation cannot be used to compare the overall flexibility of one enzyme to another but to 

visualize the most flexible segments within one structure. Interestingly, MsmeAmDH, CfusAmDH and 

MATOUAmDH2 crystallographic structures display at least one highly flexible section compared to the 

rest of structure that could induce their poor stability at higher temperature. However, this prediction 

was not visible in the corresponding AlphaFold2 models thus preventing any comparison with the other 

enzymes IGCAmDH5, AcolAmDH, IGCAmDH1 and SgorAmDH for which no crystallographic structures 

are available (Figure 31).  

 

Figure 31. Putty representation of (A) CfusAmDH (PDB: 6IAU, chain D), (B) MsmeAmDH (PDB: 6IAQ, chain B) and (C) 

MATOUAmDH2 (PDB: 7R09, chain D). 

 

The known nat-AmDHs are more likely to be used as templates for further exploration or 

mutagenesis work to improve their biocatalytic synthetic potential, including their stability, than for 

direct usage in synthesis. However, this study was important to gain more insights into their intrinsic 

stability in given conditions even if deeper analyses could be carried out with experts in this field. 

Furthermore, the correlation of structural features with experimental stability is still a research area at an 

early stage, so the accumulation of such data is required to progress in this field. All things considered, 
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these observations could be of great help to discriminate one sequence to another in future selection 

of nat-AmDHs candidates. This sub-project was useful for the whole understanding of this enzyme family 

and has been included in a draft of publication written by Dr. Adam Caparco. 

IV. Further characterization of the native amine dehydrogenases carbonyl 

substrate spectrum 

IV.1 Small prochiral (hydroxy)ketones 

Many research aim at making enzymes suitable for the transformation of hindered molecules to 

demonstrate their wide applicability. Nevertheless, small targets have also their importance as precursors 

of pharmaceuticals and agrochemicals, such as (2R)-butan-2-amine (182) in the herbicide Bromacil (183) 

and in the drug candidate XL888 (184) or (2S)-1-methoxypropan-2-amine (185) in the herbicide 

Outlook® (186) (BASF). The ChiPros™ process of BASF, mentioned in Chapter I, II.2, is highly efficient for 

the kinetic resolution of alkyl amines such as (2S)-nonan-2-amine (187) with E values >1000 but much 

less in the case of small alkyl amines with Ebutan-2-amine = 8, for example. The works published in 2019 and 

2020 reported their substrate spectrum but was obviously not exhaustive (Mayol et al., 2019; Caparco et 

al. 2020). As already mentioned, their top tested substrates were mainly 45 and 170, but some of them 

displayed activity towards small alkyl linear ketones such as 112 (5.3 – 51.2 mU mg-1) or hydroxy 

derivatives such as 3-hydroxybutan-2-one (172) (43.1 – 324.4 mU mg-1) with high (S)-enantioselectivity. 

These preliminary results prompted us to consider that high enantioselectivity could be achieved for 

other small chiral amines such as the building blocks listed above. Hence, we decided to complete the 

already reported nat-AmDHs activity towards short prochiral ketones (Mayol et al., 2019) and study in 

more details the biocatalytic potential of some of these enzymes (CfusAmDH, MsmeAmDH, MicroAmDH, 

and MATOUAmDH2) for the synthesis of small chiral alkyl amines and small amino alcohols. These results 

were published in 2021 in Frontiers in Catalysis (Ducrot et al., 2021). The substrate screening and deeper 

characterizations (substrate loading and preparative scale reaction) were carried out by Dr. Carine 

Vergne-Vaxelaire and are therefore only summarized in this part. My main contribution to this study was 

on the in silico discussion to provide insights into the stereoselectivity of the enzymes considered. The 

contents of the parts written below are largely inspired by the results and discussion written in the 

publication. 
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IV.1.1 Screening and hits characterization 

The four enzymes were tested towards butan-2-one (134), pentan-2-one (112), 3-methylbutan-

2-one (188), 1-methoxypropan-2-one (189), 1-hydroxypropan-2-one (180), 1-hydroxybutan-3-one 

(190), 2-hydroxybutan-3-one (191) and 1-hydroxybutan-2-one (118) at 10 and 50 mM by monitoring 

the conversions and ee of the corresponding amines after a 24 h [30°C, 400 rotation per minute (rpm)]  

reaction with the cofactor recycling system. The screening results are given in Appendix 7 for later in 

silico discussion. Interestingly, with all enzymes, higher conversions could be achieved for the formation 

of the functionalized small amines, such as (2S)-1-methoxypropan-2-amine (185) [(S)-MOIPA, Outlook®, 

produced at 5,000 T year-1 by ChiPros™] and (3S)-2-hydroxybutan-3-amine (192), rather than the plain 

(2S)-butan-2-amine (193) and (2S)-pentan-2-amine (173). MsmeAmDH was selected for further 

characterization and notably, substrate-loading tolerance assay. It could convert up to 150 mM of 189 

and 134 with 83.5% and 58.3% analytical conversion respectively after 48 h at 30°C without suffering 

major decrease in conversion (80.7% and 73.8% with 10 mM substrate loading, respectively). 

Nevertheless, any inhibition study was carried out. These conditions were used to run 50 mL-scale 

reactions to access 6.6 mmol (98.6% ee) of 185 (88.3% analytical yield) and 3.9 mmol (92.6% ee) of 193 

(51% isolated yield) (Scheme 29). The higher conversions obtained, compared to reactions at 100 µL-

scale could be due to different parameters such as a lower rotation speed of the 50 mL-scale reaction 

that could be beneficial for the enzyme stability. This point was not studied in detail.  

 

Scheme 29. Semi-preparative scale synthesis of (2S)-1-methoxypropan-2-amine (185) and (2S)-butan-2-amine 

(193) catalyzed by MsmeAmDH. Adapted from Ducrot et al. 2021. 

 

This work completes the biocatalytic toolbox for the synthesis of such short amines as the other 

RedAms and AmDHs engineered from AADHs were mainly studied towards increasingly large substrates 

and featuring the opposite (R)-enantioselectivity. Among other examples, the tested nat-AmDHs are 

complementary to the engineered AmDHs described by Sun and co-workers [Ming et al., 2022; Tong et 

al., 2021; H. Wang et al., 2020 (B)]. Starting from 190, CfusAmDH could reach 65.7% conversion from 10 

mM substrate and 99.1% ee for the formation of (3S)-1-hydroxybutan-3-amine (194) while GsAmDH-



 

120 

 

wh18 (K68S/D261L) could afford 45% conversion from 30 mM substrate and > 99% ee for the (3R)-1-

hydroxybutan-3-amine (195) [Ming et al., 2022; H. Wang et al., 2020 (B)]. GsAmDH-wh18 was further 

engineered through several round of mutagenesis to reach 99% analytical conversion and 99% ee with 

this same substrate (Ming et al., 2022).  

The nat-AmDHs tested, and especially MsmeAmDH, are also complementary to TAs such as the 

(S)-selective HewT and the (R)-selective *RTA-X43 used by Heckmann et al. for continuous flow synthesis 

of (2S)-butan-2-amine (193) and (2R)-butan-2-amine (182), respectively (Heckmann et al., 2021). When 

used as free enzymes, HewT and MsmeAmDH reached similar conversions but MsmeAmDH could afford 

clearly higher ee with 91% at 150 mM compared to 45% at 100 mM with HewT. 

IV.1.2 Correlation with in silico analysis 

Molecular docking of some tested amines in CfusAmDH and MsmeAmDH crystallographic in complex 

with their cofactor NADP+ and in MicroAmDH and MATOUAmDH2 homology models were carried out 

using Autodock software (Morris et al., 2009). MicroAmDH homology model was generated using the 

closed form of MsmeAmDH as a template. At this time, as the closed structure of MATOUAmDH2 was 

still not available, we used a model formerly made based on CfusAmDH closed structure. Among the 

fifty docking conformations obtained from the docking simulations (see Experimental section, VI.2.2.2), 

the ratio of “correct” conformations harboring (S)- or (R)-stereochemistry were analyzed (Figure 32). As 

the final step of the reductive amination mechanism is the transfer of the hydride from C4N of the 

NAD(P)H nicotinamide ring to the C-atom of the iminium intermediate to give the oxidized NAD(P)+ and 

the amine product, only conformations having the correct orientation of the provided hydrogen towards 

the cofactor were considered as “correct”. For the butan-2-amine ligands 182 and 193, Figure 32 shows 

a majority of (S)-conformations 193 generated with the correct orientation in CfusAmDH, MsmeAmDH 

and MATOUAmDH2, respectively 16, 30 and 35 out of 50 poses while the (R)-conformations 182 were 

present in only 2, 1 and 2 correct poses out of 50. On the other hand, for MicroAmDH, the difference is 

much lower with 15 out of 50 poses of (S)-conformations 193 and 12 out of 50 poses of (R)-

conformations 182. These in silico observations correlate with the experimental data showing good ee 

values for the first three enzymes (88.9-98.1%) while MicroAmDH reached only 69.1% ee with this 

substrate. The different (R)/(S) ratios are difficult to explain as the side chain orientation of the docked 

amines in their (R)- and (S)- conformations, are almost identical with no particular interaction or steric 

hindrance that could discriminate one or the other (Figure 33). No clear correlation between residues 

surrounding the substrate, or residues of the second layer could be established with the docking 

observations. Possibly, the features of the docking algorithm, such as the assumption of rigid protein 

and ligand, can obscure the reasons for these differences in enantioselectivity. 
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Figure 32. Docking simulation of (2S)- and (2R)- short amines. The docking was performed separately on (2S)-butan-

2-amine (193), (2R)-butan-2-amine (182), (2S)-1-hydroxypropan-2-amine (196), (2R)-1-hydroxypropan-2-amine 

(197), (2S)-1-hydroxybutan-2-amine (119) and (2R)-1-hydroxybutan-2-amine (198) in CfusAmDH (Cfus), 

MsmeAmDH (Msme), MATOUAmDH2 (MATOU2) and MicroAmDH (Micro). Bars represent the number of “correct” 

positions obtained out of 50 generated conformations while the scatter plot represents the ee obtained from the 

corresponding reaction (circles: calculated experimental data, triangles: estimated experimental data). ee values are 

indicated for the enantiomer formed in majority. For 196 and 197 ligand, ee values could not be determined but 

197 was only found in traces with CfusAmDH, MsmeAmDH and MATOUAmDH2 (ee values arbitrarily indicated at 

100%) but was obtained in larger proportion with MicroAmDH (ee arbitrarily indicated at 50%). Adapted from Ducrot 

et al. 2021. 

 

 

Figure 33. MsmeAmDH RX structure (PDB: 6IAQ) in complex with NADP+ cofactor with docked structures of 182 and 

193. NADP+ is highlighted in orange, 193, in white and 182, in purple. All the 193 docked structures belong to the 

twenty conformations displaying the lowest binding energy. Adapted from Ducrot et al. 2021. 
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The In silico analysis was also in accordance with in vitro results for the 1-hydroxypropan-2-

amine ligands 196 and 197 as only the (S)-enantiomer 196 was generated in the correct pose from the 

docking and experimentally produced with CfusAmDH, MsmeAmDH and MATOUAmDH2. On the 

contrary, the (R)-enantiomer 197 was formed in reaction catalyzed by MicroAmDH, without being 

quantified, and represented 35% of the correct conformations generated from the docking (11/50 for 

(S)-conformation 196 against 6/50 for (R)-conformation 197). This different enantioselectivity and (R)-

/(S)- ratios obtained with MicroAmDH with 1-hydroxypropan-2-amine 196 and 197 can be due to a 

coordination by hydrogen bonding of the hydroxyl groups of the ligand and the residue Y169 (P12), 

which can favor the positioning of the ketone for the formation of the corresponding (R)-amine 197 

(Figure 34). CfusAmDH and MATOUAmDH2 also harbor a Tyr residue at P12, Y173 and Y176, respectively, 

but with a slightly different position that moves the hydroxyl group further away from the ligand (∆ = 

0.4 Å between Y169 of MicroAmDH and Y173 of CfusAmDH, and ∆ = 0.8 Å between Y169 of MicroAmDH 

and Y176 of MATOUAmDH2).  

 

Figure 34. Docking of (2S)-1-hydroxypropan-2-amine (196) and (2R)-1-hydroxypropan-2-amine (197) in 

MicroAmDH and alignment with CfusAmDH, MsmeAmDH and MATOUAmDH2. Structural alignment of CfusAmDH 

RX structure (PDB: 6IAU; blue), MicroAmDH homology model (PDB template: 6IAQ; pink) and MATOUAmDH2 

homology model (PDB template: 6IAU; yellow) to MsmeAmDH RX structure (PDB: 6IAQ; green). The corresponding 

NADP+ cofactors are shown in the same color as the enzyme to which it belongs. Docked structures of 196 and 197 

in MicroAmDH are respectively shown in white and purple. The distance between the H-atom of the hydroxyl group 

of 196 and the O-atom of the carboxylate group of E104 (P3) in MicroAmDH, and between the H-atom of the 

hydroxyl group of 197 and the O-atom of the hydroxyl group of Y169, Y173 and Y176 (P11), respectively of 

MicroAmDH, CfusAmDH and MATOUAmDH2, are given in Angstroms (Å). RMSD (CfusAmDH-MsmeAmDH) = 0.987 

Å; RMSD (MicroAmDH-MsmeAmDH) = 0.254 Å; RMSD (MATOUAmDH2-MsmeAmDH) = 0.984 Å. Adapted from 

Ducrot et al. 2021. 

 

In addition, the more hindered W164 (P10) in MicroAmDH compared to Y168 and Y171 in 

CfusAmDH and MATOUAmDH2 can also impart less flexibility to the alkylhydroxyl chain. In the docking 

poses, the latter is more oriented towards Y169 in MicroAmDH and its hydroxyl group, increasing the 
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access to (R)-configurations 197. In MsmeAmDH, P12 is occupied by a Phe that cannot provide a 

hydrogen bond with the substrate to favor the formation of the (R)-amine 197. In that case, only the (S)-

enantiomer 196 can be docked with the hydroxyl group oriented towards the carboxylate function of 

Glu at P3, with which a hydrogen bond can occur (Figure 35). However, we must nuance these 

observations as the homology model generation of MicroAmDH was based on MsmeAmDH, the 

template sharing the highest sequence identity, but that harbors a Phe at P12 instead of a Tyr that may 

be behind the different side chain positioning. Mutations at these positions could give more weight to 

these hypotheses but were not performed due to a lack of time. 

Eventually, for 1-hydoxybutan-2-amine 119 and 198 ligands, overall, the in silico analysis revealed much 

more (R)-poses 198 with all the enzymes compared to the previous ligands, which correlates with the 

low ee values experimentally obtained for this amine. For example, in MsmeAmDH, approximately the 

same number of (S)- 119 and (R)- 198 correct poses were obtained, and the ee value for 119 was 

experimentally 67%. Nevertheless, the higher ees obtained for MicroAmDH and MsmeAmDH compared 

to MATOUAmDH2 and CfusAmDH are not directly related to the respective ratios of correct 198 and 

119 conformations in this modeling study. For instance, in MATOUAmDH2, the ratio of (R)/(S) poses was 

higher than with CfusAmDH, whereas CfusAmDH facilitated the formation of the (R)-enantiomer 198 

with  48% ee, and MATOUAmDH2 the formation of (S)-enantiomer 119 with 15% ee. For CfusAmDH and 

MsmeAmDH, this ratio was similar (respectively 8/10 and 11/12), whereas MsmeAmDH displayed a clear 

preference for the formation of (S)- 119 (ee = 67%). Structurally, many (R)-poses seemed stabilized with 

the hydroxyl group of Y173 in CfusAmDH (Figure 35A), thus explaining the greater rate of (R)-amines 

198 formation compared to other substrates, even with low ee value (ee(R) = 48.1%). The more hindered 

ethyl moiety of 197, compared to 198, might “push” the rotation of the substrate and make the hydroxyl 

group closer to the Tyr even in CfusAmDH (2 Å) and MATOUAmDH2 (2.9 Å) while still keeping the chiral 

center close to the NADP+ hydride carbon. It is worth noting that for MATOUAmDH2 and MsmeAmDH, 

the different conformations displayed much more variability of positions. The presence of other residues 

(P5, P8, P9, P16, P17) surrounding these key positions may enable other interactions and positioning of 

the key residues potentially less visible in these models (Figure 35B). 
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Figure 35. Docking of (2S)-1-hydroxybutan-2-amine (119) and (2R)-1-hydroxybutan-2-amine (198) in CfusAmDH 

and MsmeAmDH. (A) CfusAmDH RX structure (PDB: 6IAU) and NADP+ cofactor, in orange, with docked structures of 

119, in white, and 198, in purple; (B) MsmeAmDH RX structure (PDB: 6IAQ) and NADP+ cofactor, in orange, with 

docked structures of 119, in white, and 198, in purple. Distances are given in Angstroms (Å). 

The structurally-based preliminary explanation of the slight differences in (S)-enantioselectivities 

observed experimentally for 134, 112, 188, 189, 180, 190 and 191, together with the important 

variability for 118, helps to better understand the enzyme-substrate interactions within the catalytic 

pockets of these four enzymes. It also highlitghted the role of several residues in the good 

accommodation of hydroxyketones, that might result in such good conversions. It would be interesting 

to perform some deeper computational studies, including MD simulations, as done by Tseliou et al., to 

explain the substrate-dependent stereo-switchable selectivity in the case of the mutant LE-AmDH-v1 

[Tseliou et al., 2019(A)]. In silico studies with the iminium intermediates or carbinolamines, instead of the 

amine products, may also provide additional explanations.  

 The study of the nat-AmDHs substrate scope for the short prochiral ketones revealed a higher 

variability of stereoselectivity that was limited to (S)-amine formation in the previous reports. These 

observations, correlated to structural features, could help the search of nat-AmDHs providing (R)-amines 

with good ee. 

IV.2 Other short aliphatic and aromatic carbonyl compounds 

IV.2.1.1 Monitoring of the amine formation 

As for the small aliphatic/hydroxy linear ketones, the substrate screening, published before my 

work in 2019 and 2020, was lacking some key carbonyl substrates. We decided to test other aromatic 

carbonyls and linear ketones and focused on the following: furfural (57), cyclopentancarbaldehyde (199), 

benzaldehyde (31), acetophenone (39) and hexan-3-one (200). These substrates were tested during the 

screening assay carried out with the nat-AmDHs mutants and described in Chapter III, I.4.3, but in this 

part, the results focus on the nine corresponding WT nat-AmDHs (CfusAmDH, MsmeAmDH, MicroAmDH, 
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ApauAmDH, MATOUAmDH2, ChatAmDH, IGCAmDH1, RgnaAmDH, PortiAmDH). The selected nat-

AmDHs were only scarcely tested, or even not tested on these substrates in previous studies. It was 

therefore beneficial to test them to complete the nat-AmDHs substrate spectrum. After incubation at 

25°C during 24 h (Experimental section, IV.1), the amine formed from the reductive amination with 

cofactor recycling system were extracted in ethyl acetate (201) (EtOAc) and monitored using Gas 

Chromatography equipped with a Flame Ionization Detector (GC-FID) (Table 4). In case of the prochiral 

ketones 39 and 200, the ees were estimated using Ultra-High Performance Liquid Chromatography 

equipped with Ultraviolet detection (UHPLC-UV) analysis after derivatization with 1-fluoro-2-4-

dinitrophenyl-5-L-alanine (FDAA, 227). The analytical development carried out to perform this screening 

is also more described in Chapter III, I.4.2 and Experimental section, IV.3.1 but the corresponding GC-

FID and UHPLC-UV chromatograms are given in Appendix 9 to Appendix 15 according to Appendix 8. 

The results confirmed a good activity, shared by a large panel of the enzymes tested, towards short 

aldehyde bearing (aromatic) cyclic substituents such as 57 (41.1 - 56.0% conversion), 199 (37.2 - 83.5%) 

and 31 on a lesser extent (9.7 - 79.0%). With the addition of a methyl group in 39, the conversions 

dropped to a maximum of 13.9% obtained with MicroAmDH for the formation of (1S)-1-phenylethan-1-

amine (14) with 99.1% ee. This might be due to a too constrained planar structure of the aromatic cycle 

that cannot make the additional methyl to fit correctly in the small pocket of these nat-AmDHs. 

Interestingly, only a restricted group of nat-AmDHs could convert 200: MsmeAmDH (39.1%), MicroAmDH 

(51.2%), both only displaying 6.8 and 28.1 mU mg-1 specific activity in Mayol et al., 2019, PortiAmDH 

(46.5%) and on a lesser extent, MATOUAmDH2 (12.4%) and CfusAmDH (5.8%). Due to a higher symmetry 

of the molecule, the ee obtained are much more variable. When MicroAmDH and MsmeAmDH provided 

the hypothesized (S)-202 in 88.4-87.6% ee, PortiAmDH and CfusAmDH gave the same enantiomer but 

with only 13.9-29.1% ee and eventually MATOUAmDH2 gave the opposite (R)-203 in only 38.2% ee. The 

differences in the active site shape or key residues of these five enzymes are of particular interest to 

consider altering the typical (S)-enantioselectivity of nat-AmDHs, whether by doing mutagenesis or 

looking for homologs in the biodiversity. To the best of our knowledge, these nat-AmDHs are the only 

enzymes performing reductive amination yet reported to provide 202.  AspRedAm and mutants were 

well characterized by Li and co-workers towards furan derivatives but in presence of primary amines (Jia 

et al., 2021; Yang et al., 2021). LE-AmDH-v1, reported by Tseliou et al., outperformed the nat-AmDHs in 

these conditions reaching 99% conversion from both 10 and 50 mM of 31 while CfusAmDH and 

RgnaAmDH reached 79.0% and 76.5%, respectively [Tseliou et al., 2019 (A)]. 
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Table 4. Screening of nat-AmDHs towards furfural (57), cyclopentancarbaldehyde (199), benzaldehyde (31), 

acetophenone (39) and hexan-3-one (200). The cells highlighted in shades of green gives the analytical conversion 

(%) obtained for the synthesis of the corresponding amines and the cells colored in shades of yellow gives the 

corresponding ee for the formation of the (S)-amine (%). For hexan-3-amine (202-203), the commercial standard of 

pure (S)-enantiomer (202) or (R)-enantiomer (203) was not available in our laboratory but the peak obtained in 

majority was assumed to be the (S)-enantiomer 202. L (Left peak) was assumed to correspond to the (R)-enantiomer 

203. Reaction conditions were as follows: final volume 100 µL, 10 mM substrate (31 and 39 diluted in dimethyl 

sulfoxide (204) (DMSO) final 5% volume/volume (v/v)), 2 M NH4HCO2 buffer, pH 8.5, 0.2 mM NAD(P)+, 1.2 eq. 

glucose (222), 3 U mL-1 GDH-105, 0.5 mg mL-1 purified enzyme, 25°C, 24 h, 400 rpm. conv.: analytical conversion; 

n.t.: not tested; n.d.: not detected. 

 

 

IV.2.1.2 Monitoring of the alcohol formation 

GC-FID analytical method was not only largely used to monitor the amine formation but could 

also enable the monitoring of the alcohol. Indeed, some substrates could adopt a specific positioning in 

the active site that would favor the direct reduction of the carbonyl into alcohol. This aspect has been 

rarely studied within the nat-AmDHs and could be highly enzyme and substrate-dependent. Therefore, 

it should be integrated as a routine study especially for the characterization of novel enzymes or 

substrates. For the screening described in Chapter III, I.4.3, such a monitoring has been performed. 

Among the WT nat-AmDHs, the alcohol formation never reached higher than 1.2% obtained with 

ChatAmDH/31 (9.7% conversion in amine) and PortiAmDH/200 (46.5% conversion in amine) 

enzyme/substrates couples, corresponding to a ration of amine:alcohol formation of 8:1 and 33:1, 

respectively (Appendix 16). This work is currently being completed by Dr. Carine Vergne-Vaxelaire and 

Aurélie Fossey-Jouenne. It describes the ability of some nat-AmDHs and mutants to catalyze the direct 

reduction into alcohol in presence or absence of 11 and will be submitted for a publication soon. Some 

C
h
a
t
A

m
D

H

IG
C

A
m

D
H

1

R
g
n
a

A
m

D
H

A
p
a
u

A
m

D
H

M
A

T
O

U
A

m
D

H
2

C
fu

s
A

m
D

H

M
sm

e
A

m
D

H

P
o
rt

iA
m

D
H

M
ic

ro
A

m
D

H

conv. (%) 76.3 62.7 68.2 77.3 79.7 83.5 78.9 44.5 37.2

conv. (%) 41.1 44.6 47.1 43.7 49.2 51.3 56.0 49.4 48.3

conv. (%) 9.7 14.7 76.5 22.2 56.9 79.0 37.2 23.5 14.5

conv. (%) n.t. n.t. n.t. <1 <1 <1 1.9 7.4 13.9

ee  (%) 96.5 97.0 99.1

conv. (%) n.d. n.d. n.d. <1 12.4 5.8 39.1 46.5 51.2

ee  (%) 38.2 29.1 88.4 13.9 87.6



 

127 

 

in silico analyses will aim at giving more insights into the substate-enzyme-dependent results. 

V. Opening to the reductive sulfidation activity 

Within the L2BMS, another research focus is bioremediation and, more particularly, the study of 

the degradation of the well-known pesticide chlordecone by bacterial communities. Largely implied in 

this project, Pierre-Loïc Saaidi’s team of the Laboratory of Genomics and Biochemistry of Metabolism 

(LGBM) of the same Research Unit, previously identified a reductive sulfidation activity on this compound 

by the sulfate-respiring bacterium Desulfovibrio sp.86 (Della-Negra et al., 2020). More recently, they 

completed this study by comparing the microbial and chemical reductive sulfidation of a range of 

carbonyl compounds through experimental and theoretical approaches (Della-Negra et al., 2021). We 

decided to combine their expertise in performing and monitoring reductive sulfidation reactions with 

our knowledge on enzymatic catalysis to carry out very preliminary tests to evaluate the potential of nat-

AmDHs to catalyze the formation of thiols from carbonyls when supplied with a sulfur entity as 

nucleophile instead of 11. To the best of our knowledge, no enzymatic alternative was ever described 

for the reductive sulfidation. The selection of carbonyl substrates to test the nat-AmDHs-mediated 

reductive sulfidation was based upon the set of compounds tested by Della-Negra et al. in the 

aforementioned publication (Della-Negra et al., 2021). A large number of these compounds belong to 

nat-AmDHs substrate scope such as isobutyraldehyde (170), (substituted) cyclohexanone (45), furfural 

(57) or cyclopentancarbaldehyde (199). Considering the high capacity of CfusAmDH in the reductive 

amination of 199, described in Chapter II, IV.2.1.1, this enzyme-substrate couple was selected for 

preliminary tests to study a panel of reaction conditions in presence of Na2S as the sulfur donor (Scheme 

30). 

 

Scheme 30. Expected reductive sulfidation of cyclopentancarbaldehyde (199) in presence of Na2S and CfusAmDH. 

 

Considering the high required concentration of 11 for reductive amination, the first key 

parameter to look at was Na2S concentration to provide enough sulfur donor but avoid enzyme 

inhibition. The activity was monitored by Gas Chromatography equipped with a HeadSpace Module and 

Mass Detection (GC-HS-MS) through conversion after 24 h at 30°C (Experimental section, IV.3.2) but we 

rapidly removed the GDH/222 recycling system normally used and provided NAD(P)H at equimolar 
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concentration to avoid any additional problem of GDH inhibition. The thiol formation monitoring in 

blank reactions without CfusAmDH revealed a spontaneous reductive sulfidation of 199 highly 

dependent upon Na2S concentration. It was therefore not possible to estimate the biocatalytic thiol 

formation based on the calibration curves, we remained on the Mass (MS) response area comparison of 

the targeted peaks in the reaction with CfusAmDH and in blanks without the enzyme (Figure 36).  

 

Figure 36. Thiol and alcohol formation from cyclopentancarbaldehyde (199) in presence of Na2S and CfusAmDH. 

Area resulted from the transformation of 199 in presence or absence of CfusAmDH and 0, 250 and 500 mM Na2S. 

MS response areas of (A) cyclopentylmethanethiol (205) formed (B) cyclopentylmethanol (206) formed and (C) 

remaining 199. The reaction conditions were as follows: final volume 100 µL, 10 mM 199, 0-500 mM Na2S, 100 mM 

potassium phosphate buffer pH 9, 5 mM NADPH, 5 mM NADH, 0.5 mg mL-1 purified CfusAmDH, 30°C, 24 h, 400 

rpm. GC-HS-MS chromatograms for peaks identification are given in Appendix 17. 

 

The results revealed a similar proportion of thiol formed in the blanks and in the nat-AmDH-

containing reaction and confirmed the high tendency of spontaneous reductive sulfidation of this 

compound in the tested conditions. Interestingly, in absence of Na2S, CfusAmDH activity for direct 

reduction into cyclopentylmethanol (206) was much higher and drastically decreased in presence of 250 

and 500 mM Na2S. This can be typical from an enzyme inhibition or to the inference of Na2S in the 

pocket that does not allow the correct substrate positioning for direct reduction. Another peak was 

detected and could correspond to a sulfur-containing compound that was not clearly identified. As it 

was a very preliminary work, the reactions were not run in duplicates but it would have been better to 

do so to confirm the slight differences observed between the blanks and the reactions. The same 
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procedure was carried out for other enzyme-substrate couples: MsmeAmDH/45, 

MATOUAmDH2/hexanal (207) and MicroAmDH/pentan-3-one (181). Some substrates were less likely to 

proceed to spontaneous reductive sulfidation according to Della-Negra et al. assays (Della-Negra et al., 

2021). Among them, only MATOUAmDH2 exhibited higher hexan-1-thiol (208) formation than the 

corresponding blank at 250 mM Na2S (Figure 37 and Appendix 18). To confirm this observation, we ran 

again the same reaction comparing a larger panel of Na2S concentrations. The thiol formation in 

presence of the enzyme was estimated two-to-six-fold higher than without the enzyme thus confirming 

the catalytic role of MATOUAmDH2 in the reductive sulfidation of 207.  

 

Figure 37. Thiol and alcohol formation from hexanal (207) in presence of Na2S and MATOUAmDH2. Area resulted 

from the transformation of 207 in presence or absence of MATOUAmDH2 and 0 to 500 mM Na2S. MS response 

areas of (A) hexan-1-thiol (208) formed, (B) hexan-1-ol (209) formed and (C) remaining 207. The reaction conditions 

were as follows: final volume 100 µL, 10 mM 207, 0-500 mM Na2S, 100 mM potassium phosphate buffer pH 9, 5 

mM NADPH, 5 mM NADH, 0.5 mg mL-1 purified MATOUAmDH2, 30°C, 24 h, 400 rpm. GC-HS-MS chromatograms 

for peaks identification are given in Appendix 18. n.t.: not tested. 

 

However, the high instability of thiol in the reaction mixture make it impossible to quantify the 

thiol formation as the calibration curves appeared highly different when prepared the day of the reaction 

starting or the day of the injection, 24 h later. Dr. Oriane Della Negra carried out additional tests with 

MATOUAmDH2/207 couple using lower Na2S concentrations and also tested MATOUAmDH2/57 and 

reached the same conclusions. The results with MsmeAmDH/45 are given in Appendix 19 and Appendix 

20. As for the couple MicroAmDH/200, no particular peak stood out from the background and we did 
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not have the corresponding sulfur standard to be sure of the retention time to target a peak of low 

intensity. No additional study was done until this was written but in the future, it would be interesting 

to estimate the nat-AmDH activity for reductive sulfidation using spectrophotometry that enables a 

direct comparison of the nat-AmDH-mediated reaction and the spontaneous one and the removal of 

thiols instability issue. On the other hand, it will not enable to discriminate thiol to alcohol formation. 

Also, other sulfur donor than Na2S should be considered such as H2S bubbling or sodium thiosulfate 

(210). The decreasing of the pH from 9 to 7-8 could also enfavor the presence of the H2S of Na2S/HS-

/H2S system which could be more accepted in the active site. Eventually, the carboxylate-mediated 

fixation of NH3 for the reductive amination might not be adapted for HS- fixation in the tested conditions 

and one option could be to mutate a nat-AmDH or find native enzymes with similar scaffold but a 

positive (Arg, Lys) or neutral residues at this position.  

VI. Conclusion 

The deeper structural analysis on whether nat-AmDHs crystallographic structures or homology 

models gave us a view of the active site and global fold diversity found in the family, particularly into 

the G3-G4 groups of ASMC1 classification. This guided the engineering work performed on key reference 

nat-AmDHs to highlight the importance of some key positions of the active site. The stability study of a 

panel of enzymes in different storage conditions revealed an enzyme-dependent influence of the 

temperature. The correlation of such experimental data with structural features was not an easy task but 

could give additional hints for future enzymes selection. Also, without knowing the native substrate of 

the G3-G4 enzymes, we enriched our knowledge of their promiscuous substrate scope and confirmed 

their large preference for short carbon chains (up to C5) with activities easily comparable to that of 

reported RedAms, engineered AmDHs or even TAs. This work also confirmed the need for protein 

engineering to have access to amine with carbon chains larger than C5 which is the main topic of Chapter 

III. Eventually, a preliminary study was carried out to estimate the potential of some nat-AmDHs to 

catalyze the reductive sulfidation of carbonyl substrates in presence of the sulfur donor Na2S. Although 

MATOUAmDH2 seemed to afford a catalytic thiol formation in the midst of the high rate of 

spontaneously formed thiol, further experiments are needed to confirm this observation. 
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CHAPTER III  

Improvement of native amine dehydrogenases 

 

The deeper characterization of nat-AmDHs, described in Chapter II, revealed a great capability 

of these enzymes to transform key carbonyl substrates that were not reported yet. Nevertheless, except 

MATOUAmDH2 harboring a slightly wider substrate scope thanks to a larger active site volume, no other 

nat-AmDH could accept substrates with a main chain bearing more than five C-atoms such as hexanal 

(207) or hexan-2-one (43). The in silico analysis of the active site enabled the identification of key spots 

to overcome this hurdle through directed mutagenesis. In addition, two other approaches for 

improvement of nat-AmDHs are described in this chapter. An approach of in vivo directed evolution was 

set up to adapt some nat-AmDHs and a RedAm and enhance their activity towards selected substrates 

that are not accepted by the native enzymes. Eventually, some preliminary tests were carried out to 

create a chimera that would merge the thermostability and the substrate scope of their parental 

enzymes. 

I. Expansion of the native amine dehydrogenases substrate scope   

through structural exploration and protein engineering 

This part has been largely inspired by the paper recently published in ChemCatChem for which 

I wrote the entire initial draft and participated actively to its improvement and to the submission (Ducrot 

et al., 2022). In this work, the crystallization studies were carried out in collaboration with the team of 

Prof. Grogan (University of York), mainly by him and his PhD student Megan Bennett. The MD studies 

were done in collaboration with Dr. Gwenaëlle André-Leroux from MaIAGE unit at INRAE and with the 

great help of Dr. Eddy Elisée from LABGeM of our Research Unit.  

I.1 In silico analysis 

By first looking at the structures of CfusAmDH (Uniprot: S9Q235, PDB: 6IAU), MsmeAmDH 

(Uniprot: A0A8B4R7U8, PDB: 6IAQ) and the models of their 291 homologs already generated for the 

ASMC1 (Mayol et al., 2019), we hypothesized that the restricted substrate scope of nat-AmDHs may be 

due to a very small active site. Indeed, it is mainly built by hindered aromatic amino acids located on the 

first layer, including Tyr or Phe at P5, P12 and P17, Tyr, Phe or Trp at P10 and Trp at P8 (Figure 23 and 

Figure 38). The accommodation of the n-alkyl chain as the already reported butan-2-one (134) (Ducrot 
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et al., 2021) drove the hypothesis that the system formed by the positions P5 (F140 in CfusAmDH) and 

P8 (W145 in CfusAmDH) represents a good target for mutations to enlarge the pocket and extend the 

substrate scope to longer n-alkyl ketones and aldehydes ≥ C6 (Figure 38). As depicted in Figure 24 and 

Appendix 5, discerning examples from biodiversity display smaller residues at these positions, such as 

Ala at P5 in A0A1N7N2Q9 and A0A1X4NNW3, Cys at P8 in MATOUAmDH2, Gly at P8 in OM-RGCAmDH2, 

A0A078BAL0, A0A078AU13 and A0A077ZQK8, and Leu at P8 in A0A076NBW6. The occurrence in close 

nat-AmDHs homologs of smaller amino acids at positions P5 and P8, while harboring identical or similar 

neighbors, suggests that mutations at these positions into smaller residues should not be detrimental 

neither for enzyme folding nor for activity. This hypothesis still needs to be nuanced by the heterologous 

expression in E. coli. The effect of a small residue at P8 for broader substrate scope was supported by 

MATOUAmDH2 (P8 = Cys) activity in presence of bulkier substrates such as norcamphor (177) and 

analysis of MATOUAmDH2 RX structure (PDB: 7R09, 7ZBO) (Bennett et al., 2022; Caparco et al., 2020). 

The crystallographic structure of CfusAmDH (PDB: 6IAU) was used as a reference for in silico mutations 

and subsequent docking of ligands with longer n-alkyl chains. As the native enzyme showed a preference 

for aldehydes over ketones (Mayol et al., 2019), the docking was done with n-terminal primary amine 

products, from pentan-1-amine (211), hexan-1-amine (212), heptan-1-amine (213), octan-1-amine 

(214), nonan-1-amine (215), decan-1-amine (216) (Experimental section VI.2.2.3).  

 

Figure 38. Active site of CfusAmDH (A) (RX structure; PDB: 6IAU), CfusAmDH-F140A (B) and CfusAmDH-W145A (C) 

with docked structures of pentan-1-amine (211) to heptan-1-amine (213) in shades from dark to light green and 

octan-1-amine (214) to decan-1-amine (216) [nonan-1-amine (215) for CfusAmDH] in shades from black to light 

blue. NADP+ is represented in orange, the catalytic residue E108 (P3) is in pink, F/A140 (P5) and W/A145 (P8) are in 

yellow and some residues that form the first layer of the pocket are in grey. For sake of clarity, only the most 

energetically favorable pose is represented. The pocket enlargement in the two mutants is shown using the grey 

surface representation. The active site volumes are given in Å3. (D) P1-P21 residues in CfusAmDH. The color code 

used refers to the polarity and charge of the corresponding residue [blue: polar residues, yellow: hydrophobic 

residues, orange: aromatic residues, red: negatively charged residues, and green: positively charged residues 

(charges at physiological pH)]. 
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As depicted in Figure 38, the mutations F140A and W145A increased the active site volume from 

957 Å3 in CfusAmDH to 1194 Å3 and 1176 Å3, respectively. These were calculated using CAVER Web tool 

(Stourac et al., 2019). For CfusAmDH, the small chains 211 and the longest amine formed experimentally 

212, were obtained in the highest number of energetically viable poses inside the active site with top 

pose binding energy of -5.5 and -5.9 kJ mol-1, respectively (Figure 39).  

 

Figure 39. Results of pentan-1-amine (211) to decan-1-amine (216) dockings in CfusAmDH, CfusAmDH-F140A, 

CfusAmDH-W145A. (A) Number of poses docked inside the active site out of the 10 poses generated (B) Lowest 

binding energies of the ligands docked, given in kJ mol-1. 

  

Fewer than three poses of the ten were obtained with larger ligands up to 215 and in a single 

conformation with higher binding energy (-5.0 kJ mol-1) that appeared highly constrained within the 

active site. In CfusAmDH-F140A and CfusAmDH-W145A mutants, the pocket could easily accommodate 

longer n-alkylamines up to 216 (longer chains have not been tested) with nine and ten poses inside the 

pocket out of ten generated poses, and with binding energies even lower than for CfusAmDH/211 (-6.8 

and -6.5 kJ mol-1 for CfusAmDH-F140A and CfusAmDH-W145A respectively) (Figure 39). Docked amines 

occupied the space freed up by the small Ala residue and led to linear conformations in CfusAmDH-

F140A (Figure 38B) and to slightly curved conformations in CfusAmDH-W145A (Figure 38C), both 

directed towards the active site floor. The structure of nat-AmDHs has been observed in both open and 

closed conformations, the open conformation maintaining the active site pocket accessible to the 

solvent (Bennett et al., 2022; Mayol et al., 2019). Thus we can hypothesize that the accessibility of larger 

compounds such as heptanal (217), octanal (218), nonanal (219) or decanal (220) should not be a 

limitation compared to enzymes displaying a restrictive access tunnel (Riziotis et al., 2022). Further in 
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silico experiments such as MD simulations studying how the substrates access the pocket could 

complement this hypothesis. 

I.2 Specific activity of CfusAmDH variants towards longer aldehydes 

Based on in silico results, positions F140 and W145 in CfusAmDH were mutated into Ala. The 

mutations were introduced using SDM kits on the corresponding nat-AmDH gene-containing-

pET22b(+) plasmid, first in a small batch and then in a larger batch (see Experimental sections, II.2, II.3, 

II.4 and II.5). In small batches, the two mutated proteins were obtained in similar production rate as the 

WT enzyme thus suggesting that the mutations did not altered enzyme expressability or folding. 

However, it was observed a slight protein degradation of CfusAmDH-F140A at the temperature of the 

spectrophotometric assay (30°C). Thus, only the specific activity of CfusAmDH-W145A was measured 

towards 10 mM of pentanal (175) to octanal (218) in presence of 5% DMSO to avoid substrate 

insolubility issue (Table 5) (Experimental section, III.3). CfusAmDH-F140A apparent instability correlated 

with a total loss of activity in large scall production when using the general method. The modification of 

the lysis step protocol from sonication to BugBuster®-mediated lysis and changes in the buffer recipe 

enabled the activity recovery (see Experimental section II.5).  

Table 5. Specific activities (mU mg-1) of CfusAmDH and CfusAmDH-W145A towards pentanal (175) to  octanal (218). 

Reaction conditions: final volume 100 µL, 10 mM aldehyde substrate (200 mM in DMSO), 2 M NH4HCO2 buffer, pH 

8.5, 0.2 mM NAD(P)H, 0.03-0.25 mg mL-1 purified enzyme, 30°C. Errors represent standard deviations of two or three 

independent experiments. 

 

As expected from the docking experiments, CfusAmDH displayed very low or no activity towards 

substrates larger than 175 (< 20 mU mg-1). On the contrary, CfusAmDH-W145A was clearly active, 

displaying activities of 401, 405 and 483 mU mg-1 towards 207, 217 and 218, respectively. Interestingly, 

this mutant was less active than the WT enzyme towards the smaller substrate 175 as it was already 

reported for some engineered AADHs (Chen et al., 2019; Chen et al., 2018; Franklin et al., 2020). This 

might be due to an unsuitable positioning of the shorter substrates in the pocket with active spatial 

arrangement mainly induced by steric hindrance along with the hypothesized weak stabilization by 

interaction with Y168 (P10) (see Chapter II, II.4). The specific activities of CfusAmDH-W145A towards 

aldehydes 207, 217 and 218 were significantly higher than the only other reductive amination activities 

reported for the same substrates with EsLeuDH-DM (320 vs 400 mU mg-1 for 207, 190 vs 371 mU mg-1 
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for 217 and 90 vs 483 mU mg-1 for 218 (Löwe et al., 2018). Even if it could not be correctly estimated 

due to protein instability, CfusAmDH-F140A was clearly active towards 175, 207, 217 and 218. 

Another interesting observation can be done on the substrate-dependent cofactor preference 

of the mutants. With 175, both CfusAmDH and CfusAmDH-W145A seemed to prefer NADPH over NADH 

with ratios of 2.5:1 and 4:1, respectively. However, this ratio decreased to 2:1 with 207 and was even 

reversed with 217 with a slight preference for NADH (specific activities of 405 and 371 mU mg-1 with 

NADH and NADPH, respectively). For the longer substrate 218, NADPH appeared to be preferred. This 

phenomenon was more pronounced for the W145A mutant while activities remained very low for the 

WT enzyme. It was already shown, in preliminary experiments, that the specificity of CfusAmDH for NADH 

or NADPH was substrate-dependent for different classes of carbonyl substrates (Mayol et al., 2019). 

Here, clear differences can be also observed among n-alkylketones (Table 5). 

As Gly was also found at P8 of nat-AmDHs (OM-RGCAmDH2, A0A078BAL0, A0A078AU13 and 

A0A077ZQK8) and in order to further probe the catalytic potential of mutations at positions P5 (F140) 

and P8 (W145), substitutions to Gly were also investigated. The goal was to reach even better 

accommodation of the longer substrates nonanal (219) and decanal (220) as obtained by Franklin et al. 

with higher activity of L-AmDH_TV_L39G towards octan-2-one (67), nonan-2-one (135) and decan-2-

one (68) than L39A mutant (226.7 vs 62.7 mU mg-1 towards 67, for example (Franklin et al., 2020). 

Mutants CfusAmDH-F140G and CfusAmDH-W145G were produced and tested towards 217-219 

similarly to Ala mutants. Insolubility even at 10 mM with 5% DMSO prevented accurate specific activity 

measurements towards longer substrates such as 220, but qualitative analysis showed that the mutation 

W145G did not lead to notably better activities towards longer substrates 218-219 compared to W145A 

and even resulted in total inactivity in the case of F140G (data not shown). Using higher ratio of DMSO 

cosolvent up to 10% did not help to obtain sufficiently stable UV signal to quantify the activity towards 

219. Thus, this mutation was not further investigated. 

I.3 Conversion assays with NAD(P)-recycling system 

The potential of the mutants F140A and W145A for biocatalytic reactions was confirmed through 

the quantification of heptanal (217) conversion to heptan-1-amine (213). Reactions containing 10 mM 

substrate were incubated for 24 h at 25°C with a GDH from Candida boidinii (GDH-105)/222 cofactor 

recycling system and 1 to 20% (v/v) of DMSO as co-solvent. After derivatization with benzoyl chloride 



 

136 

 

(BzCl, 221), the amine formed was monitored using UHPLC-UV at 250 nm (Figure 40) (Experimental 

section IV.2.3).  

Figure 40. Conversion rates obtained from heptanal (217) with CfusAmDH, CfusAmDH-F140A and CfusAmDH-

W145A with various ratios of DMSO. Conversion rate obtained for CfusAmDH, CfusAmDH-F140A and CfusAmDH-

W145A reported in this paper towards heptanal (217). Reaction conditions: final volume 100 µL, 10 mM 217 (final 

ratio of DMSO 1-20%), 2 M NH4HCO2 buffer, pH 8.5, 0.2 mM NAD(P)+, 1.2 eq. 222, 3 U mL-1 GDH-105, 0.5 mg mL-1 

purified enzyme, 25°C, 24 h, 400 rpm. The temperature was set at 25°C after a preliminary study that displayed lower 

conversions at 30°C (Appendix 21). The monitoring of heptan-1-amine (213) was performed by UHPLC-UV after 

derivatization with BzCl. Error bars represent standard deviations of two independent experiments. 

 

Mutants W145A and F140A were able to catalyze the conversion of 39.6 – 68.0% of 217, 

respectively, in contrast to the WT enzyme which gave < 10% conversion. As for the WT enzyme, mutant 

F140A was more affected by higher DMSO concentrations, as the conversion dropped from 39.6% at 1% 

DMSO to 2.2% at 5% DMSO, compared to mutant W145A that conserved the same range of conversion 

in presence of 1-20% DMSO. With the mutant W145A, an increasing concentration of DMSO led to 

higher conversions from 47.7% in 1% DMSO to 68.0% at 10% v/v, and a good conversion of 45.0% was 

still observed at 20% v/v DMSO. Based on these results, 5% v/v of DMSO was considered as an 

appropriate compromise for further experiments with these mutants. 

I.4 Transposition of the positive mutations into other native amine 

dehydrogenases 

I.4.1 Mutagenesis 

In order to investigate the transposability of the mutational pattern defined above, the 

mutations corresponding to F140A and W145A in CfusAmDH were replicated in nine other nat-AmDHs 

(MsmeAmDH; MicroAmDH; ApauAmDH; MATOUAmDH1; MATOUAmDH2; PortiAmDH; RgnaAmDH; 

ChatAmDH; IGCAmDH1). Mutations into Ala were preferred over Gly to avoid unstable and/or inactive 

protein as observed in CfusAmDH upon F140G mutation, although it could have helped reaching activity 
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towards even larger substrates in other templates. Some of the selected nat-AmDHs were already active 

towards a broader range of substrates compared to the rest of the family, namely MATOUAmDH1, 

MATOUAmDH2 (Caparco et al., 2020; Bennett et al. 2022) and MicroAmDH, the latter displaying low 

activity towards 3C ketones such as pentan-3-one (181) and hexan-3-one (200) (192.0 mU mg-1 and 

28.1 mU mg-1, respectively) (Mayol et al., 2019). PortiAmDH and RgnaAmDH were part of the nat-AmDHs 

found among metagenomic databases but were not extensively characterized as purified enzymes 

(Caparco et al., 2020). Among the nine selected enzymes and their 18 mutants produced using the same 

protocol as described for CfusAmDH mutants by overexpression in E. coli and purification on Ni-NTA 

columns (see Experimental section II.2, II.3 and II.4), only MATOUAmDH1 and its two mutants could not 

be produced with a sufficient yield to be used in activity screening. Mutagenesis primers and SDS-PAGE 

gels can be found in the Supporting Information of the publication (Ducrot et al., 2022). All variants were 

assayed and compared to their respective WT enzyme against a range of carbonyl substrates, including 

the aldehydes hexanal (207), heptanal (217), octanal (218), nonanal (219) and decanal (220), and the 

ketones from hexan-2-one (43), heptan-2-one (128), octan-2-one (67) and nonan-2-one (135), as well 

as the commonly tested 4-phenylbutan-2-one (36). The five substrates cyclopentancarbaldehyde (199), 

furfural (57), acetophenone (39), benzaldehyde (31) and hexan-3-one (200) were also part of this 

screening but the results were not reported in the publication as the mutants were not significantly more 

active than the WT enzymes towards these substrates. These results using WT enzymes are described in 

Chapter II, IV.2. The summary of substrates and mutants tested are reported in Appendix 22. 

I.4.2 Screening analytical development 

Besides monitoring the amine formed, we also wanted to monitor the alcohol formation. The 

mutation could result in a different positioning of the substrate, closer to the C4N of the cofactor, and 

thus lead to a different rate of direct reduction compared to what was previously obtained (see Chapter 

II, IV.2.1.2). Notably, Jia et al. recently reported a two-fold improvement in promiscuous ADH activity of 

AspRedAm harboring a single mutation N93A (Jia et al., 2021). Previous monitoring by UHPLC-UV after 

BzCl derivatization prevented any sensitive detection of many targeted non-UV alcohols and water-

compatible derivatization method for alcohols are not appropriate for an efficient screening. Ultra-High 

Performance Liquid Chromatography equipped with Mass detection (UHPLC-MS) could have been used 

to reach the expected sensitivity (0.01- 0.05 mM), but the moderate to high volatility of listed carbonyl 

compounds and alcohols tend to prefer GC as the more appropriate analytical method. By the way, GC-

FID or Gas Chromatography coupled with Mass detection (GC-MS) were largely reported for biocatalytic 

research on reductive amination or transamination of similar carbonyl compounds [Kollipara et al., 2022; 

Marshall et al., 2021; Mu et al., 2021; V. Tseliou et al., 2019 (A)]. In the meantime, the carbonyl substrates 
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monitoring was considered a more satisfying method, not based only on product formation as with 

UHPLC-UV BzCl protocol. Following advices obtained by Aurélie Fossey-Jouenne from GC columns 

suppliers, we decided to test the TG-35MS AMINE column, harboring a diphenyl/dimethyl polysiloxane 

35/65 phase for better retention of amines, while still being suitable for alcohols and ketones.  For 

practical organization in the laboratory and ease of use, GC-FID was preferred over GC-MS. The first test 

and optimizations were performed using the system octanal (218)/octan-1-ol (223)/octan-1-amine 

(214), after extraction of the amine, the alcohol and aldehyde from buffered aqueous media, using EtOAc 

as extracting solvent. When injected alone, the amine standard detection showed a very good linearity 

depending only on amine concentration but, surprisingly, it was not the case in presence of the aldehyde. 

Thus, with the help of Dr. Pierre-Loïc Saaidi, we hypothesized the formation of the corresponding imine.  

The imine formation was confirmed using increased running time methods with the detection 

of a peak whose retention time depended upon the aldehyde or amine chain length and whose area 

depended on the proportion of both entities. We first tried to inhibit this imine formation by changing 

the extraction solvent [methyl tert-butyl ether (224, MTBE), CH2Cl2, toluene (225), isooctane (227)], 

increasing the injection temperature up to the column limit of 250°C, adding 2% or 10% CH3OH to 

compete with the amine and prevent imine formation in the injector or even add 0.5 mM p-

toluenesulfonic acid (227) to “reduce” the amine nucleophily that could favor the imine formation. 

However, none of these methods reduced the imine formation (data not shown). Therefore, we decided 

to estimate the amine formation by adding both amine and imine areas in reaction mixtures and 

corresponding calibration curves. We confirmed the viability of this method first by establishing 

calibration curves made in the same conditions in presence of amine and aldehyde and we attested the 

linearity of the estimated “amine” area (see some examples of calibration curves from the screening in 

Appendix 23). Then, by comparing the conversion obtained using GC-FID or UHPLC-UV/MS detection 

on the transformation of heptanal (217) using CfusAmDH-W145A, we definitely confirmed this analytical 

protocol. This test also served to compare the use of whether NAD+, NADP+ or a mix of both with 

CfusAmDH (Figure 41). The results revealed a slightly lower conversion estimated with GC-FID compared 

to UHPLC-UV and even more with UHPLC-MS. However, the conversions obtained in GC-FID are given 

with high error bars that include the standard deviations of two peaks instead of one. We estimated that 

the results obtained with GC-FID were still not abnormal and could be used for the screening when 

considering the large benefit of monitoring the alcohol formation. During the screening, detailed in the 

following part, we observed that the imine formation occurred only with aldehyde substrates. To the 

best of our knowledge, such an analytical issue was not reported in publications relating GC-monitoring 

of amine formation from aldehydes. Either the authors did not mention this analytical detail, or the 

treatment or running conditions used here favored the imine formation.  
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Figure 41. Conversion of heptanal (217) with CfusAmDH estimated from UHPLC-UV, UHPLC-MS and GC-FID 

detection methods. Reaction conditions: final volume 100 µL, 10 mM substrate (final ratio of DMSO 5%), 2 M 

NH4HCO2 buffer, pH 8.5, 0,2 mM NADP+ or 0,2 mM NAD+ or 0.1 mM NADP+/0.1 mM NAD+, 1.2 eq. 222, 3 U mL-1 

GDH-105, 0.5 mg mL-1 purified enzyme, 25°C, 24 h, 400 rpm. Error bars represent standard deviations of two 

independent experiments. 

 

Regarding the cofactor, CfusAmDH delivered an average of 1.1-fold higher conversion rates 

when supplemented in NADP+ compared to NAD+, although the error bars with NADP+ appeared slightly 

higher. When supplemented in a mixture of both oxidized cofactors, the resulting conversion was similar 

to that obtained with NADP+ thus meaning that the enzyme is sufficiently supplied in its apparent 

“preferred” cofactor for this reaction. Also, is has to be noted that GDH-105 used for cofactor recycling 

is more active towards NAD+ than NADP+ thus making more difficult to estimate the cofactor preference 

of one enzyme using such an assay. Anyway, the screening was carried out in presence of both cofactors 

as the tested WT enzymes were already reported with different cofactor preference and we previously 

showed that this feature could also be substrate-dependent. 

The extracting protocol and injection methods used for each substrate have been optimized for 

each threesome carbonyl/amine/alcohol and are detailed in Experimental section, IV.1 and IV.3.1. Only 

the reactions supplied in 4-phenylbutan-2-one (36) were monitored using UHPLC-UV due to a boiling 

point higher than the limit temperature of TG-35MS AMINE column. The detection was done on the 

compound derivatized with FDAA to combine conversion and ee estimations (Experimental section, 

IV.2.4). The activity screening has not been carried out in duplicates considering the high number of 

reactions and analytical GC injections. All the preliminary experiments, including those regarding the 

imine issue and the extracting protocol optimizations, led to satisfying reproductible results (3-9% error). 

It also has to be noted that the protocol used from reaction conditions to extraction was optimized only 

for CfusAmDH-W145A and the threesome heptanal (217)/heptan-1-amine (213)/heptan-1-ol (228). This 

could not be well-adapted for other enzyme templates and substrates. Only the GC-FID running method 
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was optimized for each substrate to have clear separated peaks of each substrate and product in the 

shortest possible time (Table 20, Experimental section, IV.3.1). 

I.4.3 Screening results on carbonyl compounds harboring a chain length of at least 

six carbon atoms 

The outcome of the screening are given in Figure 42, Appendix 24 and Appendix 25. All the 

corresponding GC-FID or UHPLC-UV chromatograms are given in Appendix 25 to Appendix 39 according 

to Appendix 22. To ensure accurate results, cautions have been taken during the long series of GC 

injections, notably regarding evaporation in the vials and the calibration points by performing injections 

of the calibration points before and after the various series. It has to be noted that in “real” reaction 

mixtures, the imine peak was detected for hexanal (207), heptanal (217), furfural (57), 

cyclopentancarbaldehyde (199) and benzaldehyde (31) and both the amine and imine peaks were added 

as described above (Appendix 23A, B and C). However, for 218-220, the imine peak was not detected 

even with elongated analytical methods and the calibration curves based on the amine peak were still 

not linear, revealing the bias brought by imine formation (Appendix 28, Appendix 29 and Appendix 30). 

The conversions were therefore estimated using the most adapted polynomial model in each case on 

the calibration curves considering only the peak corresponding to the amine. This estimation is of course 

not ideal mainly due to the presence of alcohol in the calibration curves and potentially in the reaction 

mixtures that “breaks” the direct relationship between amine, aldehyde and imine ratios in the mixture. 

The most notable improvements were seen for the aldehydes hexanal (207) to nonanal (219) with 

moderate to high conversions (20 - > 99 %) by mutant enzymes whereas most of the WT enzymes, such 

as ChatAmDH, IGCAmDH1, RgnaAmDH, CfusAmDH and ApauAmDH, could not convert substrates larger 

than 207. For example, RgnaAmDH converted 12.5% of 207 whereas its mutants Y150A and W155A 

enabled conversions of 95.2% and 85.6%, respectively. RgnaAmDH-Y150A was one of the best 

performing P5A mutants with 44.6% conversion of 219. ChatAmDH and IGCAmDH1 were barely active 

as WT enzymes towards aldehydes 207 and 217-219, but the P8 mutations W166A and W144A achieved 

moderate conversions of 26.2% and 34.6%, respectively. Similarly, for PortiAmDH, for which the WT 

enzyme converted 60.8% of 207 and 7.9% of 217, only mutant W140A exhibited significant conversions 

(22.0 - 23.8%) of longer chain substrates up to 219. An even higher conversion of > 99.5% was obtained 

with 207 and CfusAmDH-W145A. As expected, the natively larger active site of MATOUAmDH2 enabled 

72.2% conversion of 207 and longer substrates up to 219 with 20.5%. In this case, the mutations of P5 

and P8 residues (-F143A and -C148A, respectively) did not noticeably increase the conversion for all the 

other aldehydes. Interestingly, only RgnaAmDH-Y150A, MATOUAmDH2-F143A, CfusAmDH-F140A and 

ApauAmDH-Y136A mutated in P5 displayed notable conversions of 220 (7.8 – 11.5%), suggesting that 

this mutation led to improved accommodation of longer carbon chain. Such reported conversion data 
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towards aldehydes 207 and 217-220 with the direct use of 11 as the amine donor are of importance, as 

the only other example in the literature is that of EsLeuDH-DM (Löwe et al., 2018). This mutant was 

introduced in a formate dehydrogenases-based system for in situ cofactor regeneration using algae 

technology to provide formate 117 from CO2. In these conditions, it could achieved 99% formation of 

212 but the longer 214 was only obtained as traces. Some conversion data on 207 and 217 by enzymes 

performing reductive amination have been reported, but only with methylamine (38) and 

propargylamine (50) as amine donor [Aleku et al., 2019; Tseliou et al., 2019 (B)]. 

 

Figure 42. Conversions obtained for WT enzymes and mutants towards substrates 207, 217-220, 43, 128 67, 135 

and 36. Reaction conditions: final volume 100 µL, 10 mM substrate (DMSO 5% v/v except for 207 and 43 solutions 

prepared in water), 2 M NH4HCO2 buffer, pH 8.5, 0.2 mM NAD(P)+, 1.2 eq. 222, 3 U mL-1 GDH-105, 0.5 mg mL-1 

purified enzyme, 25°C, 24 h, 400 rpm. The monitoring of the remaining aldehydes or ketones, the amines formed 

and the corresponding alcohols was performed by GC-FID after extraction in EtOAc. The monitoring of 4-

phenylbutan-2-amine 55-56 was carried out by UHPLC-UV after derivatization with FDAA (Appendix 35). 
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For the n-alkylketone substrates from hexan-2-one (43) to nonan-2-one (135), most of the WT 

enzymes displayed very low or no conversion even towards the small 43, except for PortiAmDH and 

MicroAmDH, with 26.5% and 22.5% conversion of this substrate with 79.5% and 94.6% ee, respectively, 

in favor of the (2S)-hexan-2-amine (229). Among the mutants, CfusAmDH-F140A, CfusAmDH-W145A, 

ApauAmDH-W145A and PortiAmDH-W140A gained activity towards ketones from 43 to 135. 

CfusAmDH-W145A gave the highest conversions with 39.7% of 43 (99.3% ee for 229), 53.7% of 128 

[99.7% ee for (2S)-heptan-2-amine (230)], 40.3% of 67 [99.5% ee for (2S)-octan-2-amine (231)] and 

16.0% of 135 [> 99.9% ee (2S)-nonan-2-amine (187)]. In most cases, the (S)-enantioselectivity of the WT 

enzymes was conserved. Notably, the P5 mutation in PortiAmDH (PortiAmDH-W140A) led to a slightly 

lower conversion (26.5% for WT against 18.2% for the mutant) but with a noticeable improved 

stereoselectivity with ee from 79.4% to 99.5%. Thanks to these mutations, we have now in hand 

alternative nat-AmDH templates for the reductive amination of aliphatic ketones, complementary to 

both AmDHs engineered from α- and ε-AADHs and RedAms, which already displayed high efficiency 

and stereoselectivity towards such kinds of carbonyl substrate, but giving the opposite (R)-enantiomer. 

For instance, with GkAmDH from Geobacillus kaustophilus, Liu et al. reported 99% and 98% conversion 

(>99% ee) for the formation of (2R)-hexan-2-amine (232) and (2R)-heptan-2-amine (130), respectively, 

but the conversion dropped to < 5% with 67 despite high enzyme loadings (1 - 3 mg mL-1) (Liu et al., 

2020). Importantly, CfusAmDH-W145A, and to a lesser extent PortiAmDH-W140A, constitute interesting 

alternatives to NfRedAm, the only enzyme reported thus far that gives the (S)-alkylamines with 41% 

formation of (2S)-decan-2-amine (233) with 84% ee (Mangas-Sanchez et al., 2020). Finally, CfusAmDH-

F140A, CfusAmDH-W145A, ApauAmDH-W141A, PortiAmDH-W140A and MicroAmDH-W141A were 

active towards 4-phenylbutan-2-one (36), a substrate not observed previously to be (S)-aminated by 

nat-AmDHs and converted to (2R)-4-phenylbutan-2-one (55) with engineered enzymes [Aleku et al., 

2017; Franklin et al., 2020; Knaus et al., 2017; Mu et al., 2021; Pushpanath et al., 2017; Sharma et al., 2018; 

Tseliou et al., 2019 (A); Tseliou et al., 2019 (B); Wang et al., 2021; Ye et al., 2015]. Higher conversions were 

again obtained with CfusAmDH-W145A, with 52.5% conversion into (2S)-4-phenylbutan-2-one (56) 

(99.6% ee). It is worth noting that for MicroAmDH and MsmeAmDH, the P8 mutation of the residue was 

only beneficial for 36 transformation. For all assays, the alcohols were formed in very small amount or 

as traces, without exceeding the 4.0% reached with IGCAmDH1-W144A for the reduction of octanal 

(218) into octan-1-ol (223) (Appendix 25). These results confirmed, as previously reported, that nat-

AmDHs do not significantly catalyze the reduction of carbonyls to alcohols in presence of excess of 11 

and that this behavior is not altered by the P5 and P8 mutations (Jongkind et al., 2022; Mayol et al., 

2019). 
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I.4.4 Screening results on short aliphatic and aromatic carbonyl compounds 

This part completes the results already described in Chapter II, IV.2 on the activity of the WT nat-

AmDHs with that of the corresponding mutants obtained towards furfural (57), 

cyclopentancarbaldehyde (199), benzaldehyde (31), acetophenone (39) and hexan-3-one (200) (Table 

6).  

Table 6. Results in amine formation for the screening of nat-AmDHs WT and mutants towards 57, 199, 31, 39 and 

200. The cells highlighted in shades of green give the conversion rate (%) in the corresponding amines and the cells 

colored in shades of yellow gives the corresponding ee in the case of the formation of chiral amine (%). If not 

indicated, the ee is given for the (S)-amine. For hexan-3-amine 202 and 203, the commercial standard of pure (S)-

202 or (R)-203 was not available in our laboratory but the peak obtained in majority was assumed to be the 202. [a] 

L (Left peak) was assumed to correspond to the 203. conv.: analytical conversion; n.t.: not tested; n.d.: not detected 

 

 

These substrates clearly belong to the substrate scope of the WT enzymes. The mutations of 

residues at P5 and P8 in Ala, rarely achieved to increase the conversion and most often led to similar or 

even decreased activity. The only notable exception was observed for RgnaAmDH-Y150A whose 

mutation significantly improved the conversion of 199 (82.7% vs 68.2% for the WT enzyme). Except 200, 

the steric hindrance of the substrates tested here are on the same order of magnitude as the “small” 

cyclic substrates already well identified as good substrates for WT enzymes. These results are therefore 

logical. This general observation correlates with a possible detrimental effect of such mutations on the 

activity towards shorter substrates as already mentioned before and observed in other engineering work 

on nat-AmDHs (Chen et al., 2019; Chen et al., 2018; Franklin et al., 2020). On the other hand, when 

considering MATOUAmDH2, CfusAmDH, PortiAmDH and MicroAmDH activity towards 200, the 

mutations P5A and P8A highly decreased the conversion but greatly improved the ee for the 

hypothesized 202 formation. This effect is much more visible with P8A mutants than P5A ones, thus 

suggesting that P8A mutation can afford a clearer orientation of the substrate whatever its C-atom chain 

length to favor the (S)-amine formation. For instance, PortiAmDH, -H135A and -W140A mutants 

exhibited 46.5%, 5.2% and 6.7% conversion towards 200, respectively, but 13.9%, 59.3% and 98.0% ee 

for 202, respectively. As for MATOUAmDH2, -F143A and -C148A, the conversion decreased from 12.4% 
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to 1.4% and 9.0% and the ee, hypothesized to be for the reverse 203 decreased from 38.2% to 31.2% 

and 12.1%, suggesting again a higher proportion of (S)-amine formed. These analyzes of ee are however 

to be moderated because they are made at quite low conversions, and are so less accurate, even if 

detected amount were above the Limit Of Detection (LOD). 

I.4.5 Complementary results on ketones with the carbonyl function on the third 

carbon atom of the chain 

In light of the encouraging conversions obtained with PortiAmDH, MsmeAmDH, MicroAmDH 

and, on a lesser extent, MATOUAmDH2 towards 200, we decided to test these enzymes, and their 

respective mutants P5A and P8A towards longer 3C ketones such as heptan-3-one (234) and octan-3-

one (235). As already mentioned in Chapter I, IV.2, having in hands some notable conversions data 

towards 3C ketones with nat-AmDHs was of large interest as such substrates were rarely reported to be 

enzymatically aminated. After 24 h of incubation at 25°C the amines formed were directly derivatized 

with FDAA to both estimate the quantity of amine formed and the ee (Experimental section, IV.2.5). As 

the amine standards of heptan-3-amine (236) and octan-3-amine (237) were not available in our 

laboratory, only an estimated conversion is given based on a calibration curve done on hexan-3-amine 

(238). The hits obtained should be validated with the standard amines ordered recently (Figure 43). 

 

Figure 43. Conversion of 3C ketones with MicroAmDH, MsmeAmDH, PortiAmDH, MATOUAmDH2 and their P5A and 

P8A respective mutants. Reaction conditions: final volume 100 µL, 10 mM substrate (DMSO 5% v/v), 2 M NH4HCO2 

buffer, pH 8.5, 0.2 mM NAD(P)+, 1.2 eq. 222, 3 U mL-1 GDH-105, 0.5 mg mL-1 purified enzyme, 25°C, 24 h, 400 rpm. 

Bars represent the conversion (%) in hexan-3-amine (238) and estimated conversion in heptan-3-amine (236) and 

octan-3-amine (237). The scatter plots represent the corresponding ee (%) for the hypothesized (S)-amines. The 

black dashed line gives the threshold for 0% ee for the (S)-enantiomer, corresponding to an equimolar formation of 

(S)- and (R)-. Negative ee values show an excess in (R)-amines. 
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The conversion of 200 confirmed the hits obtained from the screening with a great potential of 

MicroAmDH, MsmeAmDH and PortiAmDH to accept 3C ketones, with once again no activity of the 

respective mutants towards this C6 substrate. With the addition of only one C-atom in the substrate 

chain, the conversions dropped from 47.4 - 56.7% to estimated 6 - 21.9%, the maximum being observed 

with PortiAmDH (21.9%) and PortiAmDH-W140A (12.9%). The mutation started being beneficial with 

235, equivalent to a 207 when looking at the number of C-atom in the longest chain, with a 1.9-fold 

higher estimated conversion obtained with PortiAmDH-W140A than with the WT enzyme (10.1% vs 

5.2%). Very low conversion rates (< 5%) were observed with MicroAmDH and MsmeAmDH mutants 

towards those two substrates. This is in agreement with the screening results where none of these 

mutants was particularly more active than the WT enzymes towards longer substrates chains either 

towards aldehydes or 2C ketones. 3C ketones with more than six C-atoms in the longest chain (in total 

> C9 ketones) would have been interesting to test, especially to attest P5 and P8 mutation effects. That 

has not been performed yet for solubility issues and by lack of time. Interestingly, we reached the same 

observation of higher proportion of (S)-amine formed when the reaction is catalyzed by the mutants 

instead of the WT enzyme, although these are still associated with low conversions. PortiAmDH provided 

the (3R)-octan-3-amine (239) with 91.2% ee while PortiAmDH-W140A formed the opposite (3S)-octan-

3-amine (240) in an enantiomerically pure form (detection limit not determined). All things considered, 

PortiAmDH and its mutants represent good systems that should be studied to rationalize the acceptance 

of 3C ketones and even the nat-AmDHs stereoselectivity (see Chapter IV, II.5.3). To the best of our 

knowledge, these enzymes and mutants are the only one yet reported to provide the (S)-enantiomer of 

such 3C ketones, which remained poorly accepted substrates. NfRedAm and NfisRedAm were the only 

enzyme described to form 90% and 52% of the 239 but with low 40% and 58% ee (Mangas-Sanchez et 

al., 2020).  

I.4.6 Biochemical characterizations of CfusAmDH-W145A 

I.4.6.1 Kinetic parameters 

Kinetic parameters were determined to further characterize one of the most promising mutants 

CfusAmDH-W145A arising from the conversion screening, and more specifically to gain insights on the 

observed change in cofactor specificity dependent upon the aldehyde substrate (see Chapter III, I.2). The 

following four operating conditions were assayed, all by spectrophotometric monitoring the UV 

maximum absorbance of the nicotinamide cofactor at 340 nm in micro-cuvettes: heptanal 

(217)/NADPH/NH3, 217/NADH/NH3, pentanal (175)/NADPH/NH3, 175/NADH/NH3 (Table 2 and see 

Experimental section, III.4). Plots are reported in Appendix 40-Appendix 43, respectively. 
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Table 7. Kinetic parameters of CfusAmDH-W145A. Kinetic parameters were measured in a 100 µL final volume in 

NH4HCO2 buffer (0.05-4 M, pH 8.5), 0.1-12 mM of 217, 0.5-120 mM of 175, 0.01-0.9 mM of NADPH and 0.05-0.9 

mM of NADH. kcat are given in s-1, KM and Ki in mM and kcat/KM in s-1 mM-1. [a] KM values calculated with Lineweaver-

Burk model. [b] Apparent kinetic parameters as the NADH concentration used could not reach saturation. [c] Apparent 

kinetic parameters as the calculation was made on a limited number of points due to inhibition profile that does 

not fit any inhibition equation. 

 kcat KM Ki kcat/KM 

217 0.74 ± 0.03 0.29 ± 0.04  2.56 

NADPH 0.78 ± 0.02 0.21 ± 0.02  3.71 

NH3 0.72 ± 0.02 196.20 ± 25.50  3.62 

217 0.59 ± 0.02[b] 1.03 ± 0.15[b]  0.57[b] 

NADH 1.78 ± 0.17 3.00 ± 0.77[a]  0.59 

NH3 0.52 ± 0.01[b] 126.40 ± 13.30[b]  3.98[b] 

175 0.20 ± 0.05 12.51 ± 4.60 41.34 ± 15.73 0.02 

NADPH 0.10 ± 0.01 0.07 ± 0.01  1.4 

NH3 0.10 ± 0.01[c] 319.80 ± 52.00[c]  0.31[c] 

175 0.03 ± 0.01[b,c] 3.95 ± 0.43[b,c]  0.01[b,c] 

NADH 0.07 ± 0.01 0.74 ± 0.05[a]  0.09 

NH3 0.03 ± 0.01[b,c] 191.00 ± 33.90[b,c]  0.17[b,c] 

 

As expected, whether using NADPH or NADH, CfusAmDH-W145A displayed 57 to 128-fold 

higher (apparent) catalytic efficiency for 217 than for 175, with kcat/KM with NADPH cofactor of 2.56 and 

0.02 s-1 mM-1, respectively. This is mainly due to the KM being 43 and four-fold higher for 175 than 217 

with NADPH and NADH, respectively, that can attest a difference of protein affinity for the two 

substrates. Surprisingly, compared to the specific activities presented in Chapter III, III.1, the KM of the 

cofactor were 11-to-14-fold lower for NADPH over NADH with 175 and 217. This difference may be due 

to the different NAD(P)H concentrations used, optimized at 0.6 mM to reach saturation compared to 0.2 

mM when running specific activities but this effect has not been checked. Interestingly, the poor affinity 

of CfusAmDH-W145A for 175 was accompanied by an inhibition effect with a Ki estimated at 41.34 mM 

with NADPH (Appendix 42 and Appendix 43). This also led to an inhibition over 1.5 M NH4HCO2 buffer, 

which was not observed with 217 at even higher concentrations (Appendix 40-Appendix 41). No 

explanation was found for this behavior but complementary analyses confirmed that it was neither due 

to pH, ionic strength of the reaction mixture nor product inhibition (data not shown). It is worth noting 

that the mutation did not impact significantly the affinities for NH3 in any of the assayed conditions; the 

KM of 98.9 mM being previously reported for the WT enzyme (Mayol et al., 2019) and KM of 100 – 300 

mM being common for nat-AmDHs. The 11 fixation by P3 was so not altered by P5 and P8 mutations, 
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which was important to check as P3 is the catalytic residue. Only the kcat and affinity of longer aldehydes 

such as 217 were beneficially impacted; no data could be obtained with the WT enzyme that was poorly 

active towards 217. To our knowledge, no kinetic parameters have been reported for such aldehydes 

and any enzymes performing reductive amination that would enable any comparison. 

I.4.6.2 Thermostability 

Despite the occurrence of small amino acid residues at P8 in native homologs, one cannot 

exclude that W145A mutation could have an impact on the structure flexibility and stability of 

CfusAmDH. Thus, we compared the thermostability of CfusAmDH and CfusAmDH-W145A at 25°C, 30°C 

and 40°C through activity assays (Figure 44 and see Experimental section, III.5). The mutant appeared to 

be slightly less thermostable than the WT enzyme but still displayed good t1/2 of 350 h and 200 h at 25°C 

and 30°C, respectively, compared to > 600 h and 480 h for CfusAmDH. CfusAmDH-W145A experimental 

features (stability at the optimum temperature range, DMSO tolerance) (Figure 40) make this mutant a 

good candidate with respect to envisaged synthetic applications. 

 

Figure 44. Thermostability of CfusAmDH and CfusAmDH-W145A at 25°C, 30°C and 40°C. Specific activity assays 

were carried out at different time points using the following reaction conditions: 10 mM pentanal (175) with 

CfusAmDH and heptanal (217) with CfusAmDH-W145A, 2 M NH4HCO2 buffer, pH 8.5, 0.2 mM NADPH, 0.05-0.12 

mg mL-1 purified enzyme, 30°C. The maximum activity of CfusAmDH towards 175 was 219.2 mU mg-1 and the 

maximum activity of CfusAmDH-W145A towards 217 was 256.3 mU mg-1. Errors represent standard deviations of 

two or three independent experiments. 

 

I.4.6.3 Tolerance to substrate loading 

For synthetic purposes, the substrate tolerance of CfusAmDH-W145A was studied with 

increasing loadings of heptanal (217) and octan-2-one (67) up to 200 mM and various enzyme loadings 

for reaction times of 24 h and 48 h (Figure 45 and see Experimental section, IV.4.1). During the 
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experiments for kinetic parameters determination, no substrate inhibition was observed but it was only 

studied up to 20 mM substrate. The results obtained after derivatization with BzCl and UHPLC-UV 

analysis showed that CfusAmDH-W145A still catalyzed the formation of more amine up to 100 and 200 

mM of 217 and 67, respectively, than at 10 mM. Up to these respective concentrations, the same trend 

was observed for both substrates; a decrease in conversion but still 20.6% (217) and 15.0% (67) at 48 h 

with 0.5 mg mL-1 of purified enzyme (Figure 45). Higher substrate loading appeared to be possible with 

this mutant especially with the linear ketone. The enzyme loading did not drastically enhance the 

conversion, thus at 1 mg mL-1, conversions of 217 and 67 at 100 mM were 24.2% and 29.2% at 48 h, 

respectively (20.6% and 24.3% with 0.5 mg mL-1). 

 

Figure 45. Substrate loading influence on conversion of heptanal (217) and octan-2-one (67) with CfusAmDH-

W145A. Conversion rate (%, bars) and corresponding molarity of amine formed (mM, scatter dots) with CfusAmDH-

W145A towards (A) 217 and (B) 67 both after 24 and 48 h at 25°C, 400 rpm. 

 

I.4.6.4 Utilization of CfusAmDH-W145A in preparative scale reactions 

Semi-preparative reactions were performed to demonstrate the viability of CfusAmDH-W145A 

for synthetic applications. Using the previous results, the reactions were carried out on a 50 mL scale 

with 50 mM of 67 and 217 and 0.5 mg mL-1 enzyme loading for 24 h to find a compromise between 

conversion, quantity of amine formed, reaction time and amount of purified enzyme. Higher conversions 

should be reached with higher enzyme loadings such as 1 mg mL-1 studied above, but the scale up deep 

optimization remains an integral part of research and development in itself that was not our goal here. 

After liquid work up, 116 mg of the hydrochloride salt (2S)-octan-2-amine (231) were recovered (32.2% 

analytical conversion, 28.3% isolated yield, ee 98.4%) (Scheme 31 and Appendix 44). 1H and 13C NMR 

analyses were in accordance with the commercial standard (Appendix 46 and Appendix 47). However, 

the heptan-1-amine (213) product, obtained with 30.9% conversion (Scheme 31 and Appendix 45), could 

not be isolated and recovered using the same protocol (Experimental section, IV.4.2). The washing and 

extraction steps resulted in good yields but even after amine salification using 1.8 eq. HCl in ether, the 
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evaporation led to a very poor yield of a brownish wet solid that could not be further dried. Preliminary 

tests on standard 213 in a solution mimicking the final reactive mixture [2M ammonium formate buffer, 

30 mM 217, 20 mM 213, 40 mM glucose (222), 20 mM gluconolactone (241)] revealed a high loss of 

the amine during the LiCl washing, previously adjusted for the reaction work up but still resulted in the 

formation of a dried white power. We did not have enough enzyme materials to conduct the reaction 

from 217 again at this scale and decided not to produce a new batch of purified enzyme. The reductive 

amination of 67 led to STY of 2.32 g L-1 d-1 and TON of 2112 and that of 217 were estimated from the 

conversion to STY of 2.33 g L-1 d-1 and TN of 2322. In comparison, Mangas-Sanchez et al. reported on 

the similar substrate, hexan-2-one (43), a STY of 8.16 g L-1 d-1 and a TON of 3250 that decreased in 

presence of DMSO (Mangas-Sanchez et al., 2020). Even though these values are slightly higher than 

those calculated for preparative scale reactions with CfusAmDH-W145A, they remain in the same order 

of magnitude. 

 

Scheme 31. Semi-preparative scale synthesis of heptan-1-amine (213) and (2S)-octan-2-amine (231). 

 

I.4.7 Structural characterization of CfusAmDH-W145A 

I.4.7.1 Crystallization 

In order to both explore the structural effect of the mutation and the reasons of the altered 

activity of CfusAmDH-W145A and its cofactor specificity, discussed in Chapter III I.2, its structure was 

solved using X-ray crystallography (Experimental section, VI.1). Two structures were determined; one in 
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complex with NAD+ (PDB: 7QZN) and the other with NADP+ (PDB: 7QZL) and pentan-1-amine (211), to 

resolutions of 1.64 Å and 1.50 Å, respectively (Appendix 48). Unfortunately, no structure could be 

obtained in a reasonable time for CfusAmDH-W145A in complex with cofactor and heptan-1-amine 

(213). Overall, the structures obtained superimposed well with the WT structure in complex with NADP+ 

and cyclohexylamine (179) (6IAU, Mayol et al., 2019), with a RMSD < 0.361 Å over > 277 C-alpha carbons, 

each representing ‘closed’ conformations of the nat-AmDH as previously defined (Mayol et al., 2019). 

The structures verify that the W145A mutation has created the extra active site space with the pocket 

volume estimated at 1349 Å3 in CfusAmDH-W145A in complex with NAD+ compared to 957 Å3 in 

CfusAmDH. Compared to the in silico structure mutation done as preliminary experiment (see Chapter 

III, I.1), only a shift of 0.9 Å was observed in T166 (P9) hydroxyl side chains allowed by the absence of 

W145 bulky side chain (Figure 46). This shows the limits of using in silico mutagenesis tools in PyMol 

that does not enable to visualize the subsequent liberty given to the neighbor residues of a mutation. 

An additional step of energy minimization of the in silico mutated model might have helped to get closer 

to the structural reality. On the other hand, protein crystallization is also like taking a screen shot of the 

protein structure at a given moment even if it gives more relevant hints on the protein structure.    

 

Figure 46. Structural alignment of CfusAmDH (PDB: 6IAU, chain B; blue), in silico mutated CfusAmDH-W145A (green) 

and CfusAmDH-W145A structure obtained from crystallization (PDB: 7QZL, chain A; yellow). The distance is given in 

Angstroms (Å). 

 

Notable differences were observed between the NADP+- and NAD+-mutant structures both in 

the active site and in the cofactor phosphate binding site. In the NAD+ complex, the most striking 

difference locates in the active site with the side-chain rotation of 110-115° for Y202 (P17). In subunit A, 

this side chain could be modelled in two conformational rotamers at 50% occupancy each. In subunit B, 

only the rotated form was observed. This rotation led to the loss of the hydrogen bond between the 

E108 carboxylate moiety and the Y202 hydroxyl group. The W145A mutation has left space for Y202 side 

chain to rotate and take the space previously occupied by the indole ring of W145 (Figure 47A). In the 
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NADP+ complex with 211, the Y202 side chain is held in the WT position in both subunits, but the alkyl 

chain of the amine ligand extends into the space that was made by the W145A mutation (Figure 47B). 

This behavior was not obviously visible in the in silico mutated protein and it was therefore interesting 

to underline from the structures. 

 

Figure 47. Active site of CfusAmDH-W145A 3D-structure in complex with NADP+/pentan-1-amine (211) and NAD+. 

(A) Active sites of CfusAmDH/NADP+ complex with cyclohexylamine (179) (CHA, 6IAU, carbon atoms in blue) and 

CfusAmDH-W145A/NAD+ (carbon atoms in gold), showing rotation of Y202 side chain to fill space vacated by 

W154A mutation; (B) Active site of CfusAmDH-W145A/NADP+ complex with 211, modelled in two conformations, 

each at 50% occupancy. Electron density corresponds to the Fσ-Fc (omit) map at a level of 3σ obtained prior to 

building and refinement of the ligand. Interaction between the ligand N-atom and E108 side chain is shown as a 

black dashed line with the distance in Angstroms (Å). 

 

Each of these results suggests that the space made by the mutation can result in flexible 

substrate specificity of this mutant through the combined effects of the mutation and the rotation of 

Y202. Compared to in silico docking experiments, 211 harbors a similar orientation of the carbon chain 

in the active site but with a different positioning in the pocket. Notably, a shift of the N-atom position 

from 0.7 to 2.2 Å can be observed (Figure 48). 
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Figure 48. Pentan-1-amine (211) positioning when co-crystallized in CfusAmDH-W145A 3D-structure or docked in 

modelled CfusAmDH-W145A. Superimposition of active sites of CfusAmDH-W145A/NADP+ complexed to 211 (PDB: 

7QZL, chain A and D, carbon atoms in yellow) and CfusAmDH with in silico W145A mutation and the 10 most 

energetically favorable docked conformations of 211 (carbon atoms in green). 

 

In terms of cofactor binding, the NADP+ ribose 2’ phosphate in the W145A-NADP+ complex 

makes interactions with the side chains of H37, N38 and a number of water molecules, while the 3’ OH 

interacts with D36 and R41, as observed for CfusAmDH (Figure 49A) (Mayol et al., 2019). When the 

NADP+ phosphate is replaced by the simple 2’ hydroxyl in the NAD+ complex, this group only makes 

direct contact with the side chain of H37, which moves slightly towards the cofactor (Figure 49B). 

 

Figure 49. Cofactor binding site of CfusAmDH-W145A 3D-structure in complex with NADP+/pentan-1-amine (211) 

and NAD+. (A) Cofactor binding pocket of CfusAmDH-W145A/NADP+ complex (B) Cofactor binding pocket of 

CfusAmDH-W145A/NAD+. The ionic interaction between D36 and R41 side chains in the NAD+ complex is absent in 

the NADP+ complex. Selected interactions are indicated with black dashed lines with the distance in Angstroms (Å). 
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In addition, the side chain of R41 displays a different orientation that introduces an ionic 

interaction of the NH1 atom with the side chain of D36 that is absent in the NADP+ complex. The reduced 

number of interactions in the NAD+-complex can perhaps reflect the overall preference of CfusAmDH-

W145A for NADP+ over NAD+ of 11:1.  

A comparison of the active sites of NADP+ and NAD+ complexes with W145A does not offer a 

molecular clue for the apparent different cofactor specificities observed when using different substrates. 

However, the flexibility of the active site, enhanced by W145A substitution and evidenced by Y202 

rotation, suggests a plasticity in substrate recognition that may give rise to variable results with different 

substrates under different conditions. 

I.4.7.2 Molecular dynamics 

In addition to X-ray crystallography, MD simulations were performed to understand the 

influence of W145A mutation on protein flexibility and specificity towards cofactors and substrates 

[Rajakumara et al., 2022; Wang et al., 2021; Wang et al., 2020 (A)]. As this expertise was not mastered in 

the biocatalytic team, I carried out this study in close collaboration with Gwenaëlle André-Leroux from 

MaIAGE unit at INRAE and with the help of Dr. Eddy Elisée from LABGeM (Genoscope). Accordingly, the 

study was carried out using GROMACS software (Abraham et al., 2015; Berendsen et al., 1995; Hess et 

al., 2008; Lindahl et al., 2001; Pronk et al., 2013; Van Der Spoel et al., 2005; Bekker et al., 1993; Lemkul, 

2018) on an extensive set of Enzyme-Cofactor-Ligand systems where both CfusAmDH-W145A (M) or 

CfusAmDH (WT) were considered, in complex with NAD+ (NAD) or NADP+ (NADP) cofactors, and 211 

ligand (PEN) or  213 ligand (HEP) ligands (Experimental section, VI.2.3.1.1). Exclusively in this paragraph, 

WT refers to wild-type CfusAmDH only. 

The analysis of all MD simulations leads to the following observations that deal with (1) the 

overall dynamics of the protein, (2) the affinity of M for larger substrates, (3) the mutated site W145A 

and its coordination sphere and (4) the adenosine binding site (Experimental section, VI.2.3.1.2).  

I.4.7.2.1 Overall dynamics 

M did not suffer from any major unfolding over the time of simulation, which confirms that the 

mutation W145A did not impact the global 3D fold of the protein as already evidenced by both the 

structural and experimental studies. The enzyme normal modes were neither affected by the mutation. 

The closed-to-open event, already discussed in Chapter II, I.1.1, and previously observed for the nat-

AmDH family in AmDH4 (PDB: 6G1M) (Mayol et al., 2019) and more recently for MATOUAmDH2 (PDB: 

7ZBO; 7R09) (Bennett et al., 2022), was observed for all the systems (Appendix 49). This occurrence was 



 

154 

 

revealed thanks to the Root Mean Square Fluctuation (RMSF), measured in Å for each full length protein 

(Figure 50).  

 

Figure 50. CfusAmDH flexible sections. (A) RMSF analysis (B) 3D representation at 0° and 180° of WT monomer in 

complex with NAD and PEN. Segments 1-12 display a backbone fluctuation beyond 1.5 Å in RMSF analysis and are 

highlighted with a gradient of colors reported in the inserted table. 

 

Particularly, this parameter identified segments N169-Q179 (6), G183-S197 (7) and T229-H247 

(8) as highly flexible (Figure 50). Monitoring the G14-G174 distance, where residues G14 and G174 are 

facing each other and located on each side of the aperture, reveals that all the systems converge towards 

a so-called “relaxed” conformation opened at 14 Å (Figure 51 and Appendix 49). Interestingly, in M 

systems, a higher velocity of opening is observed when the protein is complexed to NADP+ as compared 

to NAD+. Indeed, with NADP+ the systems reached the so-called “relaxed conformation within the first 

10 ns, while NAD+ systems took 30 and 50 ns with HEP and PEN ligands, respectively. Therefore, in 

contrast to WT complexes, the nature of the cofactor could influence the velocity of the loop opening in 

M complexes and so the kcat of the system. It is also interesting to note that the opening event correlates 

with a torsion of the β-sheet domain located at the C-ter, and induces a substantial 11.9 Å shift of residue 
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Y173 at the active site. Such an amplitude was measured between the closest and widest conformations 

in the example of M_NADP_PEN_1 simulation (Appendix 49B). 

 

Figure 51. Evolution of G14-G174 distance (Å) as a function of time (ns) (A) WT in complex with NAD+ (NAD) or 

NADP+ (NADP) and PEN or HEP (B) Same curves with M. The curves are averaged onto four independent simulations 

starting with a random velocity seed. 

 

I.4.7.2.2 Affinity of CfusAmDH-W145A for larger substrates 

The Enzyme-Ligand interaction energies confirmed a better adaptation of HEP ligand for the 

mutated pocket, with a global 1.2-fold lower energy values as compared to WT, for both NADP+ and 

NAD+ (Figure 52). However, the calculated interaction energies for M_PEN systems, which were similar 

or lower when compared to those for WT_PEN, do not correlate with experimental data as M displays a 

loss of specific activity towards PEN. 

 

Figure 52. Interaction energies of Protein-Ligand calculated as the average of the total simulation. These energies, 

given in kJ mol-1, were calculated by addition of short-range Coulombic interaction and Lennard-Jones interaction 

energies. Error bars represent the standard deviation of the four independent simulations. The grey and green bars 

correspond to WT and M respectively. 
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I.4.7.2.3 Coordination sphere of the mutated site 

A fourteen-residue long helix, located between F140 and G154 of the β-sheet domain, and 

harboring the mutation site, is encompassed within the flexible segments 4 and 5 (Figure 50, Figure 53, 

Appendix 49 and Appendix 50). Notably, this helix is positioned within the core of the protein, where 

residues F140, F144, L148 and L152 protrude and align together. W145 creates a slight distortion to fit 

into the active site but this could be energetically compensated by the π-stacking between F140 and 

F144 (Appendix 50). All those features could act as a structural hydrophobic spine that maintains 

integrity of the system while allowing its flexibility. This section is also largely involved in the 

homodimerization.  

MD suggests that this spine helix remains rather unchanged over the opening-closing cycles 

despite the particularly tensed twist at F140-G146, mainly due to the presence of W145 in WT. 

Consistently, W145A substitution could relax this tension and provide elasticity to this helix, as suggested 

by the RMSF around D142-G146 in the systems M_NAD_HEP and M_NADP_PEN, respectively calculated 

on average 0.21 Å and 0.39 Å higher than in the corresponding WT systems (Figure 53). In the other M 

systems, this parameter is more similar to the corresponding WT systems. Interestingly, the profile of 

M_NADP_HEP displays a higher flexibility than the other systems in the section S138-F140 located at the 

edge of the helix, close to the nicotinamide moiety of the NADP+ cofactor. The rest of the helix I149-

A154 gained flexibility especially in the system M_NAD_HEP, evidencing that the substrate participates 

to the protein flexibility during the course of catalysis. 

 

Figure 53. Close-view of segments 4 and 5 of the RMSF analysis of WT and M in complex with NAD or NADP and 

the amine products PEN or HEP. RMSF is given in Angstroms (Å). 

 

Also in the coordination sphere of the mutated site, and particularly in the catalytic area, Q141 

plays a key role in maintaining the nicotinamide moiety of the cofactor through hydrogen bonds 

between its oxygen and the amide (Figure 54 and Appendix 50). In WT, when Q141 loses its interaction 
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with NAD(P), it remains quite stable in its initial position while in M, Q141 becomes more mobile (Figure 

54 and Appendix 51). Therefore, as the mutation has an impact on the fixation sphere of the cofactor 

through its alteration at Q141, it may affect the affinity of the protein towards its cofactor. 

  

Figure 54. Close-view of Q141 in WT and M at different time of the dynamic. M_NAD_HEP_2 frames at 0.1, 16.2 and 

18.5 ns are represented in dark green, light green and yellow, respectively. WT_NAD_HEP_4 at 29.0 ns and 

WT_NAD_HEP_1 at 53.2 ns are represented in purple and pink, respectively. Q141, A/W145 and NAD+ (NAD) are 

shown in stick format. 

 

This correlates with the average of 1.1-fold higher Enzyme-Cofactor interaction energies 

between WT and M, whichever cofactor and ligand were considered (Figure 55). Interestingly, Gln is the 

most conserved residue at P6 position among the nat-AmDH family, except for MATOUAmDH1 and 2 

(Ile and Leu respectively), RgnaAmDH and 21 CfusAmDH P1-P21 homologs (Pro), AmDH4 (N) and 

IGCAmDH6 and 23 CfusAmDH homologs (Glu), A0A138ZYM0 (Ser), A0A078BAL0 (Tyr), A0A077ZQK8 and 

A0A078AU13 (Phe) which suggests different dynamic behaviors depending both on cofactors and 

ligands (Appendix 5). 
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Figure 55. Interaction energies of Protein-Cofactor calculated as the average of the total simulation. These energies, 

given in kJ mol-1, were calculated by addition of short-range Coulombic interaction and Lennard-Jones interaction 

energy. Error bars represent the standard deviation of the four independent simulations. The grey and green bars 

correspond to WT and M respectively. 

 

I.4.7.2.4 Adenosine binding site 

Considering the equilibrated systems and frames at 0 ns, the distances registered between H37 

and adenine, as well as between D36 and ribose revealed a closer proximity of the binding site with the 

non-phosphorylated cofactor (Figure 56).  

 

Figure 56. Distances between the adenosine moiety of the cofactor and the main residues of its binding site (A) 

Superposition on NAD+ and NADP+ in the adenosine binding site. D36, H37 and N38 are shown in cylinder format. 

(B) Comparison of the initial distance at t=0 ns between D36 (CG) and the ribose (C2B) (above) and H37 (CE1) and 
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adenosine (C5A) (below). The distances are given in Å. RMSD (M_NADP_HEP_1 – M_NAD_HEP_1) = 0.304 Å. 

 

The steric hindrance brought about by PO3
- towards N38 seems to induce a shift of 0.25 Å in the 

ribose positioning. In the case of the shorter substrate PEN, which does not occupy the entire mutated 

catalytic pocket, the global larger space left over might play a role. Either way, the additional PO3
--N38 

interaction appeared to increase the anchoring of the phosphorylated cofactor in the binding site, hence 

the affinity of the cofactor for the protein, as measured with an average of 1.73 and 2.28-fold better 

interaction energies at 0 ns compared to NAD systems, between the adenosine moiety and the protein 

in M and WT systems, respectively. This tendency remained over the whole course of the MD (Figure 

57).  

 

Figure 57. Interaction energies calculated between atoms of the adenosine moiety (C4B; C3B; C2B; O4B; C1B; O2B; 

N9A; N9A; N7A; C4A; C5A; N3A; C2A; N1A; C6A; N6A; O3B; ± P2B; ± O1X; ± O2X; ± O3X) and (A) M and (B) WT. 

These energies, given in kJ mol-1, were calculated by addition of short-range Coulombic and Lennard-Jones 

interaction energies. 

 

This is in accordance with the in vitro experiments displaying ten-fold lower KM for M_NADP as 

compared to M_NAD systems (see Chapter II, I.4.6.1). Reversely, when tracing these distances along the 

simulation path, molecular explanations were difficult to rationalize for a higher mobility of the 

adenosine ring calculated in case of M_PEN systems as compared to M_HEP systems (Appendix 52). 

Several other residues can induce the mobility of the adenosine of both NAD and NADP (Appendix 53). 

Notably, a double planar π-stacking between H37, adenine and R83 can be seen in 81.3% of the 

simulations (68.8% with M and 93.8% with WT), with R83 also acting as the transporter of the adenine 

outside of its initial binding site, directing it towards the other half of the protein to interact with S175 

and K180 for example (Appendix 54). 

In addition to providing some answers to the initial questions justifying this study, MD has made 

it possible to highlight the overall behavior of these proteins and key residues to be considered during 
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future studies. Other dynamic studies should be undertaken to further improve knowledge of these 

proteins, in particular the entry and exit of substrates and the corresponding key hotspot residues. 

II. In vivo directed evolution of amine dehydrogenases 

 Another strategy of nat-AmDHs improvement consisting in in vivo directed evolution was set up 

in collaboration with Dr. Madeleine Bouzon-Bloch and Dr. Volker Döring along with the strong 

participation of Valérie Delmas, Ivan Dubois and Nathalie Vega-Czarny from the team of Synthetic 

Metabolism from L2BMS.  

The in vivo evolution takes benefit of the process of natural selection that results in the 

appearance of spontaneous mutations in a bacterial community. This population grows in given 

conditions and is put under selection pressure where only the cells containing beneficial mutations are 

able to develop. It is even possible to direct the evolution by introducing a constraint in the culture 

medium and force the bacteria to express a specific feature to adapt to this new environment. With the 

aim of improving an enzymatic activity, the approach requires to genetically modify a strain to make it 

dependent to this activity, hence the strain needs to express the enzyme to grow. One of the main 

advantages of such an approach is that it does not require prior knowledge on the enzyme structure or 

mechanism. Also, there is no need to produce and/or test in vitro thousands of variants as with protein 

engineering. The major drawback is that the cells can evolve by a different way than a modification 

inducing a “naturally” engineered enzyme, such as modification of its expression or the awakening of a 

metabolic pathway, even if preliminary engineered precautions can be made to avoid it. 

II.1 Principle of in vivo directed evolution using the automatic devices available at 

the Genoscope 

In vivo directed evolution have been used since decades in non-automated systems through 

serial transfers into simple flasks or gel plates (Barrick & Lenski, 2013). However, such experiments are 

extremely time consuming and automatic devices have been developed to maintain a continuous 

evolution of the cells. At the Genoscope, the automated evolution devices GENEMAT (version GM3), 

renamed as GM3 in this manuscript, is a technology developed by the French Alternative Energies and 

Atomic Energy Commission (CEA) in collaboration with ALTAR. GM3 is a fluidic self-cleaning cultivation 

device that enables the maintenance of cells cultures over an extended period of time while preventing 

biofilm formation (Mutzel & Marliere, 2004). Traditionally, preliminary tests are carried out to attest the 

feasibility of the selection pressure to be used for evolution. These are done using strains containing the 

gene to be involved in a plasmidic construction but eventually, the gene is introduced in the strain 
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chromosome before inoculation in the device to avoid any possible rejection during the evolution. Two 

growth vessels are alternatively used for culture growth and sterilization with NaOH 5 M (Appendix 55). 

The dilutions with fresh medium are controlled by an automated sluice gate system. The bacterial growth 

is continuously monitored by the measurement of the culture transmittance (1/absorbance) and culture 

samples are regularly taken out and backuped at -80°C. Genomic sequencing enables to deduce the 

mutations that were beneficial for the evolution. The adaptable parameters that can impact the culture 

growth are the temperature, the stirring provided by an sterile air flow, oxygen concentration, recurrence 

of washing cycles and, depending on the regime used, the transmittance threshold, the number of 

dilutions, etc. Three regimes are possible with this system: chemostat, turbidostat and medium swap 

(Appendix 56).  

II.1.1 Chemostat regime 

 In a chemostat regime, cells are grown in a constant volume of medium, regularly diluted by a 

fresh medium inflow while a corresponding volume of old medium is discarded (Appendix 56). The 

growth medium provides all nutrients necessary for the cells growth in excess except the limiting one(s) 

(Monod, 1950; Novick & Szilard, 1950). If the bacteria assimilate this limiting substrate(s) more rapidly, 

its growth speeds up between two dilutions resulting in a progressive decreasing of the transmittance. 

The evolved bacterial population is therefore more efficient to assimilate the target substrate(s). 

II.1.2 Turbidostat regime  

Unlike the chemostat, the thermostat regime is not limited by a nutrient in the growth medium 

(Appendix 56). The dilutions do not occur at fixed intervals but are triggered by the culture growth. The 

culture is supplied in fresh medium when the cell density exceeds a transmittance threshold fixed by the 

operator. The increasing of the dilutions frequency indicates that the bacterial population is adapting to 

the given medium. This regime is widely used to enhance the generation time of a strain that can already 

grow in a given medium. 

II.1.3 Medium swap regime 

This last regime has been conceived for complicated evolutions that are not possible with 

chemostat or turbidostat regimes, typically, when the non-adapted strain displays very low initial activity 

required to overcome the selection pressure (Appendix 56). In medium swap regime, the culture is 

diluted at fixed intervals of time by alternation of two media. The relaxing or permissive medium enables 

the growth of the non-adapted cells while the stressing medium is the target for the selection of the 

culture in which the non-adapted cells cannot grow. A turbidostat regime in the relaxing medium 

generally precedes a medium swap regime to condition the strains and fix its generation time. This latter 
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information is used to define the transmittance threshold that triggers the dilution medium. If the 

transmittance measured before the dilution is above the threshold, the culture is supplied in relaxing 

medium while if it is below the threshold, the culture is diluted with stressing medium. Hence, the culture 

adaptation is visible when the frequency of stressing medium selection for the dilutions increases. When 

the selected stressing medium represents a too big gap, intermediate evolutions with increasing 

proportion of stressful medium are carried out. For instance, this was done by the synthetic metabolism 

team of L2BMS for the adaptation of the methylotrophic Methylobacterium extorquens AM1 to make it 

accept high CH3OH concentrations (Belkhelfa et al., 2019). 

Within the scope of the AmDH project, in vivo directed evolution using GM3 has been attempted 

sporadically for more than six years with the goal to provide a proof of concept that such a strategy can 

also improve the reductive aminase activity of some nat-AmDHs. Nevertheless, GM3, and in vivo directed 

evolution in general, are much more designed to improve strains or pathways but not enzymes for 

isolated biocatalytic applications. To do so, the strategy aims at obtaining mutations within the selected 

enzyme to afford higher activity towards specific substrates. In the team, there was an only one-time 

attempt for the improvement of an α-ketoglutarate dependent dioxygenase. In this case, the enzyme 

was part of the metabolic pathway to be modified and not a heterologous enzyme providing a non-

metabolic activity for E. coli as for nat-AmDHs (Souterre, 2017). Some experiments have been done 

before my involvement in this project to test this strategy for nat-AmDHs. Based on these preliminary 

tests, part of my PhD work was dedicated to validate or not the possibility to modify nat-AmDH activity 

by in vivo evolution using GM3. Two different approaches have been undertaken that are described in 

the following paragraphs. 

II.2 Selection screen based on NH3 release 

II.2.1 Context of the in vivo evolution of amine dehydrogenases 

The first phases of this project were conceived and carried out during the PhD project of 

Ombeline Mayol and need to be detailed here to understand the following steps that we focused on 

during the time of my thesis project. Within the scope of nat-AmDHs activity improvement through in 

vivo directed evolution, the E. coli strain, must be dependent of the nat-AmDH activity to survive. 

Therefore, when cultivated in the selective medium, the cells were forced to express an improved version 

of a nat-AmDH to grow. Considering the reverse reaction of oxidative deamination of an amine 

substrate, the first selection pressure was based on the release of 11 that becomes the only nitrogen 

source of the medium, required for cells growth (Figure 58). This goes with the hypothesis that the 

improved activity in the oxidation way induces an improved activity also in the reverse targeted reductive 

way. The first objective was to improve the nat-AmDH activity towards (4S)-4-oxopentanoate (152) using 
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AmDH5 from Clostridium Sticklandii (PDB: E3PY99), a non-thermophilic enzyme that can be active at 

37°C, ideal for cells growth (Mayol et al., 2016). Besides, AmDH5 exhibits a high oxidative deamination 

activity, as it is its native reaction direction in Clostridium Sticklandii metabolism. This choice was also 

guided considering that the substrates and products of 4OP-AmDHs are hydrophilic thanks to their 

carboxylic moiety, which therefore minimizes the problems related to the crossing through the cell 

membrane. The gene coding for AmDH5 was introduced in the genome of an E. coli K12 strain deleted 

of three genes coding for two TAs (puuE and gapT) and one diaminoacide oxidase (dadA). These 

enzymes could be mutated during the evolution process and accept (4S)-4-aminopentanoate (167), thus 

preventing AmDH5 to evolve. First, it was considered to cultivate this strain in a medium swap regime 

with (2R,4S)-2,4-diaminopentanoate (165), AmDH5 natural substrate, as the relaxing medium, and the 

target 167, as the stressing medium (Figure 58). In both media, the amine substrates was the only 

nitrogen supply. Deamination activity of AmDH5 towards 165 was reported by Fonknechten et al. with 

vmax = 51.6 s-1 (Fonknechten et al., 2009). It would have been better to also record it that of 167 at an 

early stage of the project to design the strategies with more experimental bases. 

 

Figure 58. First selection system for the in vivo directed evolution of AmDH5. 

 

The constructed strain G4488, containing the gene coding for AmDH5 in its chromosome 

(Appendix 57), was not able to grow even in the relaxing medium, the evolution was designed in two 

steps. A medium swap regime with NH4Cl/165 as relaxing/stressing medium to adapt G4488 to 165 was 

followed by a second step with 165/167 as relaxing/stressing medium for evolution towards 167. 

Unfortunately, due to the high cost and difficulties to synthesize a sufficient amount of 165, the evolution 

could not be long enough to confirm an evolution of AmDH5 and the project was put on stand-by 

(Mayol, 2019). 

All the strains genotype and constructions mentioned in this part are summarized in Appendix 57. 
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II.2.2 Evolution system using D-ornithine as starting substrate 

At the beginning of my PhD project, the selection system had been redesigned to include the 

Ornithine Aminomutase from Clostridium Sticklandii (OA) to produce 165 in situ from D-ornithine (242) 

(Figure 59). The goal was first to improve the activity of the enzyme towards 167 and then reach activity 

towards carbonyl substrates devoid of any carboxylic moiety. The latter being more ambitious due to 

the poor deamination activity obtained with any nat-AmDH towards these substrates but the cells do 

not require high production of NH3 to grow so it was still considered accessible. TtherAmDH was added 

as another nat-AmDH that could be evolved due to its structural similarity with the set of 4OP-AmDHs 

(Mayol et al., 2016, Caparco et al., 2020). It was also decided to first attempt with enzymes in plasmidic 

constructions and then to move to chromosomic constructions in case of success. General protocols 

used for gene cloning and subcloning are given in Experimental section, V.1 and V.2. Beforehand, G4480 

was cultivated in GM3 devices for 3 months in medium containing a not sufficient supply in NH4Cl (2 

mM) and in 242 (10 mM) to check that no enzyme would wake up during an evolution, become able to 

deaminate 242 and so provide nitrogen source. 

 

Figure 59. Second selection system for the in vivo directed evolution of AmDH5 and TtherAmDH. 

  



 

165 

 

With the great help of Valérie Delmas from Synthetic Metabolism team, the genes coding for 

AmDH5, TtherAmDH and OA, comprising two subunits oraS-oraE, were separately introduced in two 

different plasmids: pSP100 (high copy number 20-700) and pVDM18 (low copy number 5-15) (Appendix 

58). These vectors are not inducible but constitutive to constantly afford the required expression level. 

These constructions were then transformed in E. coli K12 strains whom genetic context is now well 

known. The results of the liquid cells growth assays, monitored through Optical Density (OD) 

measurement in medium containing the relaxing NH4Cl, the intermediate 165 or the target 242 as the 

only nitrogen source are given in Table 8 (Experimental section, V.3 and V.4 for general methods for 

liquid cells growth and bioscreen assays). Some of these culture growths were also monitored through 

bioscreen to gain more insights into the dynamic profile of the growth (lag phase, growth rate, OD of 

the stationary phase, etc.). 

Table 8. Summary of liquid cells growth and bioscreen results of the different strains created in the three source of 

nitrogen discussed in this part. These results merge several assays to give a general tendency obtained from these 

strains simplified in a code where “++” corresponds to a growth similar as in NH4Cl-containing medium, “+” to still 

substantial but highly decreased growth, “-“ to no growth. Growth conditions: MSN- medium, glucose (222) 0.2%, 

[NH4Cl]=5 mM, ±[165]=1-5-10 mM, ±[242]=5 mM, 37°, 150-180 rpm. The composition of all the medium used in 

the paragraph is detailed in Appendix 59. a Inhibition is observed with addition of D-ornithine (242). n.t. not tested 

 

 

Unlike with G4488 containing the gene of AmDH5 in the chromosome, we could observe cells 

growth in 165-containing medium with both AmDH5 and TtherAmDH as plasmidic constructions (entry 

2, 3, 4, 5 in Table 8). The slightly more favorable growth of strains containing AmDH5 (G4265 and G5376) 

rather than TtherAmDH (G5393 and G5378) in presence of 165 drove the selection of AmDH5 for the 

double transformations with OA (G5379 and G5394) to proceed to the whole reaction cascade from its 

natural substrate 242. While the strains containing AmDH5 can grow on 165-containing medium, the 

NH4Cl 165 242

1 G4480 / / ++
[a] - -

2 G4265 AmDH5 pSP100 ++ ++ n.t.

3 G5376 AmDH5 pVDM18 ++ + n.t.

4 G5393 Tther AmDH pSP100 ++ ++ n.t.

5 G5378 Tther AmDH pVDM18 ++ - n.t.

6 G5392 OA pSP100 ++
[a] n.t. -

7 G5377 OA pVDM18 ++
[a] n.t. -

8 G5379
AmDH5                

OA

pSP100                                                                    

pVDM18
++

[a]
+ -

9 G5394
AmDH5                

OA

pVDM18                                                  

pSP100       
++

[a]
n.t. -

AmDH5

OA

AmDH5 chromosome + mutation in kdgk promotor

OA pSP100

Entry

10

11 G5490

++

Nitrogen source
Strain Gene Vector

G5492 pSP100 + -

++ + -
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addition of the OA did not enable to observe cells growth on 242-containing medium when OA was 

introduced as an additional plasmidic construction or in a double cloning with AmDH5 gene in pSP100 

(entry 8, 9, 10 in Table 8). This can be due to a poor expression level of OA in both vectors or to an 

inactivity in this medium. Indeed, OA normally works under anaerobic conditions in presence of vitamin 

B12 and pyridoxal phosphate (PLP, 243) but the heterologous expression has already been successfully 

carried out in E. coli BL21 (Fonknechten et al., 2009). Even with 243 and vitamin B12 supplementation 

and under more strict anaerobic conditions, no significant growth could be observed. A range of 242 

concentrations was tested from 5 mM to 20 mM but even such higher concentrations did not enable to 

improve the cells growth. With the hypothesis of a bad folding of OA in E. coli K12 cells, we also 

transformed AmDH5-pVDM18+OA-pSP100 and AmDH5-pSP100+OA-pVDM18 plasmidic constructions 

in BL21 [Novagen HT96 BL21 (DE3) competent cells], instead of K12, to afford a different genetic context 

that could enable a higher expression rate of the two enzymes, but without success. Another hypothesis 

to explain these failures was the high ratio of AGA codon in OA nucleic sequence that is not well adapted 

for expression in E. coli. However, as mentioned above, the heterologous expression of OA was already 

done successfully in BL21 strains without prior codon optimization of the gene (Fonknechten et al., 2009). 

Another approach was to use the strain containing AmDH5 in the chromosome (G4488 already 

discussed earlier) and to employ the pORTMAGE technique to introduce a mutation in the kdgK 

promoter that was shown to enhance the expression level of the gene downstream (Bonde et al., 2014; 

Hermes et al., 1989; Nyerges et al., 2018; Nyerges et al., 2016; Sawitzke et al., 2011; Wang et al., 2009). 

This was supposed to overcome the limit of having a single copy of the gene in the chromosome. The 

pSP100 vector with the gene coding for OA was transformed in this strain. The resulting construction 

could still grow on a 165-containing medium but not in presence of 242 as the only nitrogen source 

(entre 12 in Table 8). 

II.2.3 Evolution system using 4-aminopentanoate as starting substrate 

II.2.3.1.1 Application for the evolution of AmDH5 and TtherAmDH 

Given the failures to get a system that is efficient enough to enable the bacterial growth on a 

medium solely containing 242 as the nitrogen source, we reconsidered the use of 167 directly. This 

compound, available at a more reasonable price than 165, was not assimilated in the first strains 

containing AmDH5 in its chromosome (G4488) but the new constructions might give different results. 

The strains G5378, G5393, G5469, G5471 were cultivated on a medium containing either the racemic 

form 153+167 (4-AP) or the (S)-enantiomer 167 and compared to the empty G4480. A result summary 

of the culture growths is given in Table 9.  
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Table 9. Summary of liquid cells growth results of the different strains created in presence of 153 and 4-AP as 

nitrogen source. * Except G42465, all the strains mentioned harbor this excision. These results merge several assays 

to give a general tendency obtained from these strains simplified in a code where “++” corresponds to a growth 

similar as in NH4Cl-containing medium, “+” to still substantial but highly decreased growth, “-“ to no growth. Growth 

conditions: MAN- medium, 222 0.2%, ±[NH4Cl]=5 mM, ±[167±153]=5-10-20 mM, 37°C, 150-180 rpm. G5471 is the 

same construction as G42465 but devoid of the kan and cat resistance cassettes. 

 

Surprisingly, all the strains, including G4480, displayed a low but clear growth depending upon 

167±153 concentration. Contradicting previous results, some complementary tests have been carried 

out. They revealed neither bacterial contamination in the 167±153. However, a contamination of 

ammonia 11 in the 4-AP commercial solution and/or in the synthesized 167 was hypothesized. We could 

not provide an exact ratio of 11 but estimated it at less than 2%. Subsequent liquid growth tests in 

presence of this corresponding contamination showed clear growth at equivalent concentration of 

NH4Cl but the different associations of substrates did not give clear results to rule out this hypothesis 

(Appendix 60). To have more accurate data on 4-AP assimilation, G4480 was cultivated on a (4-AP)-

containing MSN- medium and sampled regularly. The monitoring of 4-AP by UHPLC-MS after 

centrifugation and derivatization with BzCl revealed no clear reduction of this compound concentration 

in the culture medium, thus meaning no or less than 0.05 mM assimilation by G4480 (Appendix 61). 

However, we do not know if the sensitivity of the test was sufficient enough to explain the slight growth 

of the strain; traces of 11 in all the components being difficult to check. 

II.2.3.1.2 Application for the evolution of AmDH4-I80T/P224S/E296G 

In 2020, Cai et al. reported the mutant AmDH4-I80T/P224S/E296G resulting in a 6.7-fold higher 

specific activity and 18-fold higher catalytic efficiency towards 4-oxopentanoate (152) compared to the 

native enzyme (Cai et al., 2020). This mutant was produced and tested for its specific activity towards 

152 and 4-AP in both ways of reductive amination and oxidative deamination, respectively (Figure 60, 

Experimental section III.1 and III.6.1). 

NH4Cl 167±153

G4480 / / ++ +

G5471* AmDH5 pSP100 ++ +

G5393 Tther AmDH pSP100 ++ +

G5378 Tther AmDH pVDM18 ++ +

G5469 AmDH5 chromosome with mutation in the kdgK promotor ++ +

Strain Gene Construction
Nitrogen source
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Figure 60. Specific activity (mU mg-1) of AmDH4-I80T/P224S/E296G towards 152 and 4-AP in both ways of reaction. 

Reaction conditions for the reductive amination were as follows: final volume 100 µL, 10 mM 152, 1 M NH4HCO2 

buffer pH 8.5, 0.4 mM NAD(P)H, 0.1-0.3 mg mL-1 purified enzyme, 30°C. Reaction conditions for the oxidative 

deamination were as follows: final volume 100 µL, 10 mM  4-AP, 50 mM Tris HCl buffer pH 9.0, 0.4 mM NAD(P)H, 

0.2-0.5 mg mL-1 purified enzyme, 30°C. Error bars represent the standard deviation of two experiments. 

 

As expected, AmDH4-I80T/P224S/E296G exhibited 9.5-fold higher activity for the reductive 

amination of 152 than the WT (265 vs 28 mU mg-1). On the other hand, its specific activity for the 

oxidative deamination of 4-AP remained low (16 mU mg-1) but significantly higher than the native 

enzyme estimated at <1 mU mg-1. These results encouraged us to clone the gene of AmDH4 mutant in 

a pSP100 vector and transform the construction into E. coli K12 strain G4480 for cells culture growth on 

(4-AP)-containing medium. However, once again, the growth rate was similar to that of the empty G4480 

meaning that there was no improvement in 4-AP assimilation to produce 11, required for cells growth 

(Table 10). 

Table 10. Liquid cells growth results of the different strains containing AmDH4 and AmDH4-I80T/P224S/E296G in 

presence of 4-AP as nitrogen source. These results merge several assays to give a general tendency obtained from 

these strains simplified in a code where “++” corresponds to a growth similar as in NH4Cl-containing medium, “+” 

to still substantial but highly decreased growth, “-“ to no growth. Growth conditions: MSN- medium, 222 0.2%, 

±[NH4Cl]=10 mM, ±[4-AP]=10 mM, 37°C, 150-180 rpm. 

 

As side project for understanding, G4480 was cultivated for evolution in the GM3 in order to determine 

the origin of its ability to grow in presence of 4-AP as the only nitrogen source. A culture of this strain 

was inoculated and cultivated in turbidostat regime in permissive medium (MS base in absence of NH4Cl 

/ NH4Cl 4-AP

G4480 / / - ++ +

G5618 AmDH4 pSP100 - ++ +

G5592 AmDH4-I80T/P224S/E296G pSP100 - ++ +

Strain Gene Vector
Nitrogen source
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and in presence of 10 mM 4-AP and 0.2% 222) at 37°C. The culture was not able to densify even with 

changes in the initial DO of the inoculation or the dilution threshold. These observations did not enable 

any conclusion regarding the growth of G4480 in such a medium. 

The many attempts on using the selection pressure based on release of 11 for cells growth proved it too 

stringent for the poor deamination activity of the 4OP-AmDHs. The gap of activity between 165 and 4-

AP appeared to be too important. For a proof of concept, it could still be interesting to carry out this 

strategy with substrates with closer affinities towards the selected enzyme. Therefore, this system was 

abandoned and our work focused on another selection strategy. 

II.3 Selection screen based on NADPH release 

In a collaboration with Arren Bar-Even from the Max Planck Institute, the team of Synthetic 

Metabolism of the Genoscope reported the construction of a NADPH-auxotroph E. coli strain (Bouzon 

et al., 2021; Lindner et al., 2018). This strain genome is deleted with all the genes corresponding to a 

NADPH-producing reaction except that of a 6-phosphogluconate dehydrogenase (Appendix 62). 

Accordingly, gluconate (244) works as the NADPH source when supplied in the medium and in its 

absence, the strain becomes a biosensor to reveal the ability of a given enzyme to produce NADPH. In 

our case, it can be used as a selection pressure for nat-AmDH activity evolution as the cells will be able 

to grow only if the reaction occurs in the oxidative deamination reaction to produce NADPH from NADP+ 

(Scheme 32). This system is supposed to be less demanding than the previous one in terms of NADPH 

amount required for cells growth. 

 

Scheme 32. Selection system for the in vivo directed evolution of nat-AmDH based on NADPH release. 

 

In this part, the strain used, G5313, contains the additional deletions ΔmaeA+Δlpd (Bouzon et al., 

2021). 

II.3.1 Application for the evolution of MicroAmDH 

Among the nat-AmDHs active towards simple ketones in the reductive amination way and with 

clear preference for the phosphorylated nicotinamide cofactor, MicroAmDH was already available in a 

pVDM18 vector construction that was transformed in G5313 strains (G5641). We first measured 

MicroAmDH for oxidative deamination activity towards simple and cheap amine substrates that could 
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be used for the evolution (Appendix 63). The top three substrates, 3-methylbutan-2-amine (245), 

cyclohexylamine (179) and pentan-3-amine (246) displayed rather low specific activity of 20.5, 17.4 and 

15.8 mU mg-1, respectively. G5641 was grown on a MA medium supplemented in 10 mM glycerol (247), 

10 mM acetate (248) and 5 mM α-ketoglutarate (249) and in presence or absence of 10 mM 244 and/or 

10 mM amine substrate (Table 11). 

Table 11. Growth of G5313 and G5641 in presence of gluconate (244) and/or amine substrate. Growth conditions: 

MA medium, 10 mM 247, 10 mM 248 and 5 mM 249, ±10 mM 244 and ±10 mM amine substrate 245, 179 or 246, 

30°C, 150-180 rpm. These results merge several assays to give a general tendency obtained from these strains 

simplified in a code where “++” corresponds to a growth similar as in 244-containing medium, “+” to still substantial 

but highly decreased growth, “-“ to no growth. 

 

No growth was observed when the strain was supplied with only the amine substrates in absence of 244. 

On the other hand, no inhibition of the amine tested was observed. Hence, even in these conditions, the 

nat-AmDHs are definitely not enough active in the required way of reaction to start the evolution in the 

GM3 which still requires traces of growth to be used.  

II.3.2 Application for the evolution of AspRedAm 

We decided to search for another enzyme reported in the literature as much more active in the 

oxidative deamination direction of a widely available and cheap amine. Among all the IREDs, RedAms 

and AmDHs engineered from AADHs available at this time, AspRedAm was particularly well described 

for this reaction towards a range of secondary amines (Aleku et al., 2018). Thus, we started a 

collaboration with Prof. Nicholas Turner and one of his PhD student, James Marshall to attempt the in 

vivo evolution on AspRedAm. The substrate selected was the N-methylcyclohexylamine (54) due to its 

affordability and its reasonable size required to enter the cells membrane (Scheme 33).  

 

Scheme 33. Selection system for the in vivo directed evolution of AspRedAm based on NADPH release upon 

deamination of N-methylcyclohexylamine (54). 

  

/ 244 / 244 / 244 / 244

G5313 / / - ++ - ++ - ++ - ++

G5641 Micro AmDH pVDM18 - ++ - ++ - ++ - ++

NADPH source

246 179 245/Strain Gene Construction
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The cloning of AspRedAm into pSP100 and pVDM18 was carried out by Valérie Delmas, and the 

constructions were subsequently transformed into G5313 (G5648 and G5647, respectively). Several cells 

growth assays and bioscreens, revealed no particular substrate inhibition but also no growth of these 

strains on 54-containing medium in absence of 244 (Table 12 and Appendix 64). Notably, the AspRedAm 

cloned in the high copy number vector pSP100 led to a lower growth suggesting an inhibition induced 

by AspRedAm expression. 

Table 12. Growth of G5313, G5647 and G5648 in presence of gluconate and/or N-methylcyclohexylamine. Growth 

conditions: MA medium, 10 mM 247, 10 mM 248 and 5 mM 249, ± 1-10 mM 244 and ± 10-60 mM 54, 30°C, 150-

180 rpm. These results merge several assays to give a general tendency obtained from these strains simplified in a 

code where “++” corresponds to a growth similar as in gluconate-containing medium, “+” to still substantial but 

highly decreased growth, “-“ to no growth. 

 

Even though there was no growth observed in the sole presence of the target amine substrate, 

we attempted an evolution in the GM3 in a medium swap regime. The relaxing medium included both 

244 and 54 while the stressing medium only contained 54 as NADPH source. To avoid the risk of a 

plasmid rejection throughout the evolution, the gene coding for AspRedAm was integrated in G5313 

chromosom by Valérie Delmas (G5780). She also attempted to add the already known C→T mutation in 

the kdgK promotor to enhance the AspRedAm expression level but without success even after 4 cycles 

in an intermediate strain (G5782) that does not harbor all the deletions present in G5780. Culture cells 

growth of this strain on a medium containing 5 mM 244 and 0 to 60 mM 54 revealed an inhibition 

especially at 60 mM 54 and slightly visible with a lag phase at only 30 mM (Figure 61). Working with up 

to 60 mM amine concentration was tested to potentially provide the cell with more NADPH at a specific 

time. 

54 / / / 10 mM 30 mM 60 mM 10 mM 30 mM 60 mM

244 / 1 mM 10 mM / / / 10 mM 10 mM 10 mM

G5313 / / - + ++ - - - ++ ++ ++

G5647 Asp RedAm pVDM18 - + ++ - - - ++ ++ ++

G5648 Asp RedAm pSP100 - + + - - - + + +

NADPH source

Strain Gene Vector
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Figure 61. G5780 growth on a 244-containing medium with a range of 54 concentrations. Growth conditions: MA 

medium, 247 10 mM, 248 10 mM and 249 5 mM, ±244 5 mM and ±54 0-60 mM, 30°C, 180 rpm. 

 

A first evolution of G5780 was attempted in the following conditions simultaneously in two different 

chambers:  

▪ Turbidostat in relaxing medium (MA base, 10 mM 247, 10 mM 248, 5 mM 249, 5 mM 244, 30 

mM 54), at 30°C until reaching 3h32 and 4h37 of generation time. 

▪ Medium swap regime with relaxing medium (MA base, 10 mM 247, 10 mM 248, 5 mM 249, 30 

mM 54) and stressing medium (relaxing medium devoid of 244) at 30°C with a 5h25 fixed 

generation time. 

For the sake of clarity, the graph representing the evolution of G5780 in the abovementioned 

conditions is given in Figure 62 for only one chamber, estimated as the most relevant for interpretation. 

 

Figure 62. First attempt of G5780 evolution in continuous cultivation in the GM3 device. The graph shows the 

generation time, given in hours, and the ratio of stressing medium pulses. A second phase of turbidostat regime 

was carried out after around 60 h to try to densify the culture. The graph was automatically generated by a program 

designed by Laurent Gaillon. 
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Even in permissive medium, the strain behavior was not a typical one with very few crowding 

potential of the strain that can be due to an accumulation of a toxicity, potentially from cyclohexanone 

(45) release. Indeed, growth assays in presence of the reaction products 45 and methylamine (38) in the 

medium revealed a toxicity of 45 from 3 mM (data not shown) which was not the case in presence of 

the same concentrations of 38. In swap regime, the ratio of stressing medium pulses was decreasing 

everyday meaning that the culture was not adapting to this medium. 

Isolates sampled from the two chambers at the end of this first stay in the GM3 were grown on 

medium containing various concentrations of 244, 54 and 45 in bioscreen assays given in Appendix 65. 

In these assays, 54 caused growth inhibition at 30 mM compared to what has been seen previously with 

only a lag phase even with the already tested G5780. Such inconsistencies between bioscreen results 

and behavior in GM3 do not have explanation yet. Also, the presence of 45, even at 10 mM, negatively 

impacted the growth rate and the final OD. Thus, both the amine substrate and the ketone product seem 

to be detrimental for the evolution. On the other hand, increasing 244 concentration greatly improved 

the growth rate and the final OD reached by the original G5780 and the two isolates. The relaxing and 

stressing medium composition were reconsidered for higher amount of carbon source to avoid too 

limiting conditions for the strain: complementary tests displayed an improved growth with 10 mM 244 

and 25 mM 247 instead of 5 mM and 10 mM, respectively, used for the first evolution. A second evolution 

is still running now in the following conditions:  

▪ Turbidostat in relaxing medium (MA base, 25 mM 247, 10 mM 248, 5 mM 249, 10 mM 244, 10 

mM 54), one at 30°C and the other one at 37°C until reaching 2h20 generation time. 

▪ Medium swap regime with relaxing medium (MA base, 25 mM 247, 10 mM 248, 5 mM 249, 10 

mM 244, 10 mM 54) and stressing medium (relaxing medium devoid of 244) at 30 and 37°C 

with a generation time fixed at 4h45. 

 

For the sake of clarity, the graph representing the evolution of G5780 in the abovementioned conditions 

is given in Figure 63 for only one chamber, estimated as the most relevant for interpretation. 
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Figure 63. Second attempt of G5780 evolution in continuous cultivation in the GM3 device. The graph shows the 

generation time, given in hours, and the ratio of stressing medium pulses. The drop in the ratio of stressing medium 

pulses at 135 h occurred after a medium renewal. The graph was automatically generated by a program designed 

by Laurent Gaillon. 

 

Compared to the previous evolution, the changes in 244, 247 and 54 concentrations in both the 

relaxing and stressing medium drastically enhanced the generation time to 2h20 and led to higher ratio 

of stressing medium pulses. However, no particular event, especially in the number of pulses required 

by the culture, yet revealed any evolution of AspRedAm even after more than 150 days of culture. The 

continuous culture is still running and is now slowly recovering from the drop observed at 135 days that 

occurred after a renewal of both mediums. The reason of this drop is still unexplained.  

 

Despite the absence of positive results obtained, this strategy of improvement of nat-AmDH 

activity based on in vivo evolution remains interesting to look at. More efforts have perhaps to be 

directed towards NADPH-enzymes known to display high activity in the oxidative way such as Alcohol 

Dehydrogenases (ADH), with substrates already well studied and with interesting applications. These 

preliminary experiments revealed that such evolution of a heterogeneous enzyme not involved in the 

metabolism is a huge challenge This has to be a project in itself and not a side-project as during my PhD 

work and this despite the high involvement of the whole synthetic metabolism team. 
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III.  Design of native amine dehydrogenases chimeras  

From previous works on the nat-AmDH project during the thesis of Ombeline Mayol, we had 

experimental validated data of two different sets of homologous enzymes. One comprises the 4OP-

AmDHs, and notably AmDH4, that are mostly thermostable and thermoactive but active towards a range 

of substrates with the requirement of the terminal carboxylic moiety. The second set encompasses nat-

AmDHs that display a range of activities towards substrates without functional restriction but exhibiting 

their maximum activity around room temperature and rather poor thermostability (see Chapter II, III.1), 

while bearing the same global 3D fold. We attempted to merge their two best features to form an 

enzyme that would be both active towards simple ketones, thermostable and thermoactive. Thus, taking 

into account that all nat-AmDHs display a highly similar 3D structure, we envisioned a chimera gathering 

the global sequence and structure of AmDH4 (template 1) but bearing the active site of nat-AmDHs, 

namely CfusAmDH, MicroAmDH and MATOUAmDH2 (template 2) (Table 13). Based on the hypothetical 

mechanism and analysis of their active sites, we already knew that the two different type of substrate 

scope was due to a notable different active site. The term “chimera” is not very well adapted as it is not 

a whole section of one enzyme fused with the all section of another one as it was done, among others, 

by Bommarius and co-workers between L-AmDH and F-AmDH, but we decided to keep this term here. 

The strategy was not to mutate isolately P1-P21 residues but whole segments to also mimic the 

neighboring residues found in the enzymes used as template 2. Chimeric enzymes designed for similar 

goals have already been reported, such as BVMOs (Van Beek et al., 2012) or nitrilases (Zhang et al., 2020). 

Table 13. Comparison of P1-P21 residues of AmDH4, CfusAmDH, MicroAmDH and MATOUAMDH2. The color code 

used refers to the polarity and charge of the corresponding residue [blue: polar residues, yellow: hydrophobic 

residues, orange: aromatic residues, red: negatively charged residues, and green: positively charged residues 

(charges at physiological pH)]. 

 

The method used to create these chimeras was as follows: 

▪ Deeply study each P1-P21 positions and neighbor residues between template 1 (AmDH4) and 

template 2 (CfusAmDH, MicroAmDH and MATOUAmDH2) (Table 13) 

▪ Check the structural alignment of these positions, the neighbor and surrounding residues 

(Figure 64) 

▪ Mutate some P1-P21 residues and neighbors in template 1 to detect hindrance incompatibility 

with the direct environment and verify the feasibility of the mutations 
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▪ Determine the segments to mutate in AmDH4 and subsequently create the homology models 

of the chimeras using AmDH4 (PDB: 6G1M) as template 

 

Figure 64. Structure alignment at 0° and 180° of CfusAmDH (PDB: 6IAU), MicroAmDH (model), MATOUAmDH2 

(model) on AmDH4 (PDB: 6G1M). AmDH4, CfusAmDH, MicroAmDH and MATOUAmDH2 are colored in grey, blue, 

green and yellow, respectively. Some P1-P21 are represented in stick format. RMSD (AmDH4-CfusAmDH) = 1.936 Å 

; RMSD (AmDH4-MicroAmDH) = 1.442 Å ; RMSD (AmDH4-MATOUAmDH2) = 1.906 Å. 

 

Two sections were particularly difficult to design, namely the top of the spine helix V134-I150 

mentioned in Chapter III, I.4.7.2.3 (F140-G154 in CfusAmDH, Appendix 66) and the linker sections G191-

G199 between the helix P182-S191 and P17 residue mentioned in Chapter II, I.1.2 (D186-S210 in 

CfusAmDH, Appendix 67). In the first segment, the helix in AmDH4 includes an additional residue that 

increase the diameter of the helix, thus not well defined in AmDH4 structure. Accordingly, we decided 

to completely modify the segment G133-T142 in AmDH4 by the corresponding sequence of the 

template 2 (G139-N147 in CfusAmDH, G135-N143 in MicroAmDH and G142-G150 in MATOUAmDH2). 

In AmDH4, the whole second section G191-G199 enables the correct positioning of the catalytic residues 

P3 when it is only guaranteed by the hindered residues in P17 in the nat-AmDHs. Thus, for each system, 

and in addition to all the other segment modifications, two chimeras were generated, one with only the 

modification of P15-16-17 in AmDH4, replaced by the residues found in the template 2 (named 

AmDH4_X, X being the enzyme used as template 2), and another one with the modification of the whole 

section S191-G199 to mimic the folding found in the nat-AmDHs (named AmDH4_X_P17all). The 

alignment of the six chimeras generated and the mother enzymes is given in Figure 65. 
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Figure 65. Multiple sequence alignment of the template 1 (AmDH4), the templates 2 (CfusAmDH, MsmeAmDH and 

MATOUAmDH2) and the corresponding chimeras AmDH4_X and AmDH4_X_P17all (X being the enzyme used as 

template 2). The frames indicate the mutated segments in AmDH4. The alignment was done using Clustal Omega 

web service. 
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The synthetic genes were purchased for each chimera and cloned into a pET22b(+) vector. 

Among the six chimeras overexpressed in E. coli, AmDH4_CfusAmDH and AmDH4_MicroAmDH were well 

expressed and purified in a good yield but were not active towards some typical nat-AmDHs substrates 

such as isobutyraldehyde (170) cyclohexanone (45) and pentan-2-one (112), AmDH4_CfusAmDH_P17all 

and AmDH4_MicroAmDH_P17all were well expressed but much more difficult to purify. This observation 

may highlight the importance of the linker section conservation to ensure the correct folding of AmDH4. 

Eventually, the two chimeras generated from AmDH4 and MATOUAmDH2 were well expressed but 

insoluble. The SDS-PAGE gels of these productions are given in Appendix 68. Complementary tests were 

done to use the insoluble fractions containing the enzymes for biocatalytic reactions but no conversion 

were observed after 24 h at 30 or 50°C with any chimera while AmDH4 displayed traces of 170 

conversion after 24 h at 50°C (data not detailed). The monitoring of the chimeras activity towards typical 

substrates of AmDH4 [(2R)-2-amino-4-oxopentanoic acid (166) or 4-oxopentanoic acid (152)] has not 

been done but we could expect a drastic decrease of activity due to the removal of Arg161, important 

for the accommodation of the carboxylic moiety in the active site. 

Giving the priority to other part of the project, no further investigation was carried out from this 

time. A collaboration with Gwenaëlle André-Leroux, who was already involved in the MD study of 

CfusAmDH-W145A, is underway to redesign a new set of chimeras with the same objective. A good 

strategy could be the one done by Bommarius and co-workers to obtain cFL-AmDH (Bommarius et al., 

2014).                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                  

IV. Conclusion  

Until now, only new members of the rather recent nat-AmDH family were reported and no specific 

work was carried out to improve their activity or expand their substrate scope. The only engineering 

work was performed on AmDH4 both by our team and by Cai et al. (Cai et al., 2020) but nothing on the 

true nat-AmDHs set. Thus, we had many opportunities and space left to improve their activity, substrate 

scope and stability using various approaches. Thanks to active and very good collaborations, this set of 

enzymes has now been well investigated. First, the in silico analysis of the crystallographic structures and 

models available allowed us to expand the substrate spectrum of a set of nat-AmDHs to make them 

accept larger carbonyl compounds. Notably, the strong point of these mutants was to enable the 

formation of n-terminal aliphatic amine and (S)-amines from 2C and 3C ketones, the latter being rarely 

reported in other enzyme families performing reductive amination. An improvement of activity by in vivo 

directed evolution, which is uncommon in biocatalysis, was also attempted but difficult to implement 

due to a poor activity of our set of nat-AmDHs in the oxidative direction. The evolution of the promising 
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AspRedAm is still underway in the GM3 and further work on other oxidoreductases will still be highly 

interesting to try. Finally, the very ambitious project of creating a chimera that would combine the 

thermostability and thermoactivity of AmDH4 and the substrate spectrum of nat-AmDHs did not 

succeed for now but the objective is worth testing new designs with the help of experts in enzyme 

structure analysis. This goal could also be achieved through deeper protein engineering work on AmDH4 

or homologs, regardless of any consideration of fusion with the active site of other nat-AmDHs. Although 

the objectives of stability improvement or switch of cofactor preference has not been reached or even 

taken up due to a lack of time, all these new data complete our knowledge on the nat-AmDHs structure, 

mechanism and biocatalytic potential. Combined with the use of bioinformatics tools and databases, 

these findings have been essential to find other nat-AmDHs with interesting features among biodiversity. 

This point is described in the following Chapter IV.
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CHAPTER IV  

Intensive research for native amine 

dehydrogenases among (meta)genomic 

diversity 

 

One of the main objectives of my PhD work was to deeply explore the nat-AmDH family to 

identify some candidates with key features, quite novel compared to the ones already characterized 

(substrate scope, enantioselectivity, cofactor preference). From SDM studies described in the previous 

chapters for active site understanding and improvement, some target residues have been identified to 

play a key role in the reaction or, for example, in the accommodation of a limited range of substrates. 

All these studies were the starting point for further exploration of the biodiversity and are described in 

this chapter. Two subsets of new nat-AmDHs selection have been generated and described here. One 

came from the exploration of the restricted set of reference nat-AmDHs (ASMC1, Figure 16) while the 

second selection was done in within the ASMC2 set built during the MODAMDH project, briefly reported 

here.  

I. First selection of native amine dehydrogenases with larger active sites 

The restricted set of nat-AmDHs, classified in ASMC1 (Figure 16) comprised 2,011 members. Six 

of them, harboring a short residue at P8 position within G3 and G4 groups mentioned in Chapter III, I.1, 

were selected for heterologous expression in E. coli to be tested towards substrates similar to that 

accepted by the P5A and P8A mutants. None could be found with a short residue at P5 within the groups 

considered. Among the selection, A0A078BAL0 and A0A078AU13 were found in Stylonychia lemnae, an 

eukaryotic organism (Table 14 and Appendix 5). 
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Table 14. P1-P21 residues of the native nat-AmDHs selected within the ASMC1 set to accommodate large carbonyl 

substrates. CfusAmDH and MsmeAmDH are given as references. Colors refer to the polarity and charge of the 

corresponding residue [blue: polar residues, yellow: hydrophobic residues, orange: aromatic residues, red: negatively 

charged residues, and green: positively charged residues (charges at physiological pH)]. 

 

These enzymes were first overexpressed in E. coli BL21 C+ using the typical in-house induction 

protocol (Experimental section, II.1, II.3 and II.4, Appendix 69 and Appendix 70 report the sequence of 

the proteins selected and the primers used, respectively) but only very low amounts of even not pure 

batches were obtained because of their apparent high insolubility. Except A0A1I3IZQ4 that was barely 

expressed, all the others were rather well induced but could not be recovered during the lysis step due 

to inclusion bodies formation. Because of the very low amount of His-tag protein extracted from the 

lysate, the purification step led to the co-elution of a high amount of undesirable E. coli proteins. 

Changes in the induction protocol or the use of other techniques did not help producing these enzymes 

in drastically higher amounts. All the protocols tested are described in Experimental section, II.7. For 

example, we tested using a lower isopropyl ß-D-1-thiogalactopyranoside (IPTG, 250) concentration, 0.1 

and 0.2 mM instead of 0.5 mM to slow down the induction, enable a better enzyme folding and thus 

avoid the formation of inclusion bodies. With the same strategy, we also used ArcticExpress competent 

cells®, that can grow at lower temperature, and tested them at 12°C and 15°C using either Luria Broth 

(LB) or Terrific Broth (TB) medium. The use of such strains to induce the reference CfusAmDH resulted in 

a good overexpression and purification even if a lower amount of enzyme could be recovered compared 

to overexpression in BL21 C+. In fact, the low temperature used for the induction produced a lower 

amount of biomass. For the enzyme candidates of Table 14, the use of ArticExpress® helped producing 

A0A078BAL0, A0A076NBW6 and A0A1H8XY75 in a slightly higher amount and better purification rate. 

For example, for the same volume of  elution buffer used to recover the purified enzyme, A0A1H8XY75 

was obtained in 0.28 mg mL-1 using BL21 C+ and 0.53 mg mL-1 using ArticExpress. The Sodium dodecyl 

sulfate polyacrylamide gel electrophoresis (SDS-PAGE) also showed a slightly more intense band for the 

overexpressed enzyme compared to the other protein inherently expressed by the E. coli strain 

(Appendix 71). The desalting step to remove imidazole (251) in the final buffer was also removed to 

avoid losing more enzyme material despite no clear knowledge of the effect of keeping 251 in the 

enzyme storage buffer. An autoinduction protocol, that was used once for the production of 

metagenomic nat-AmDHs and suggested by Dr. Adam Caparco  (Caparco et al., 2020), was tested but 
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the enzyme were not even expressed. The two most promising enzymes for production, A0A076NBW6 

and A0A1H8XY75, were also overexpressed with His-Tag removal or switch from N-ter to C-ter position 

and, separately, with the addition of highly soluble tags (Lys)5, (Arg)5 and (Asp)5 that were supposed to 

facilitate the enzyme solubility (Paraskevopoulo et al., 2018). No improvement was observed with any of 

these clonings whether in terms of amount produced or purity. 

Despite having only very small amount of enzymes, the activity were assayed mainly towards 

isobutyraldehyde (170) and pentanal (175), and some with hexanal (207). No activity could be detected 

by spectrophotometry monitoring NAD(P)H consumption. Nevertheless, the background activity due to 

the poor purity of the batches made it hard to quantify the activity induced by the overexpressed 

enzyme. The low amount of enzymes available made it impossible to test them in conversion assays in 

presence of the cofactor recycling system and for amine formation monitoring using UHPLC. Following 

the work done on CfusAmDH mutants at P5 and P8, we can now criticize this choice of substrates. In 

fact, the loss of activity subsequently observed with CfusAmDH mutants towards shorter substrates, 

discussed in Chapter III, I.2 may be the reason of the inactivity of theses enzymes selected for their larger 

active site. No further investigation was conducted since then on these batches.  

Due to these failures to produce the selected nat-AmDHs, we decided to focus on P5 and P8 

nat-AmDH mutants to expand the substrate scope. With more time, it would have been interesting to 

attempt the production of some candidates with fusion tag of hypersoluble protein protocols [i.e. Small 

Ubiquitin-like Modifier (SUMO), Glutathione S-transferase (GST), etc.], different lysis protocols [i.e. urea 

(252) or guanidine (253)] or, in the case of the eukaryotic proteins A0A078BAL0 and A0A078AU13, to 

use yeast expression systems such as Saccharomyces cerevisiae or Pichia Pastoris. 

Very recently, A0A078BAL0 and A0A078AU13 were produced in addition to other nat-AmDHs, 

selected from the ASMC2 set, to describe the substrate scope of the enlarged nat-AmDH family (see 

Chapter IV, II.3). The lysates production, performed in 96-well plates, using 0.5 mM IPTG led to similarly 

low enzyme recovering but a second production, carried out using 1 mM IPTG, led to significantly higher 

amount of A0A078BAL0 cell free lysate that was found active towards 45 with either 11 or 38 as amine 

sources but also towards hexan-3-one (200). Another alternative would have been to use PROSS 

webservice, described by Goldenzweig et al., to identify and introduce targeted mutation in the 

sequences to enhance their expressability in E. coli as well as their stability (Goldenzweig et al., 2016). 
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II. Selection of other native amine dehydrogenases from the MODAMDH 

project 

The MODAMDH project was introduced by Dr. Carine Vergne-Vaxelaire and David Vallenet 

(LABGeM, Genoscope), financed by the French National Research Agency (ANR) (ANR-19-CE07-0007) 

and mainly carried out by Dr. Eddy Elisée, a post doctoral student on this project. The first objective was 

to widen the landscape of protein sequences catalyzing reductive amination by finding enzymes with 

high diversity, either distant homologs or structural analogs. This diversity can translate into both active 

site or the overall fold of the enzymes. This broad survey was achieved by screening the biodiversity 

collected in large genomic and metagenomic public and in-house databases, which represents around 

2.6 billion sequences (Appendix 72). The purpose and steps of the MODAMDH project are briefly 

described in this chapter for the sake of clarity but this study was mainly carried out by Dr. Eddy Elisée 

(Chapter IV, II.1-II.4). Thus, the focus is done on the selection of nat-AmDHs harboring specific features 

within the extended set built during the project. 

II.1 Datasets construction and clustering  

They first extended the sequence diversity of the reference nat-AmDH family from 2,011 (ASMC1) 

to 17,039 sequences, after removal of the redundancy, by screening the aforementioned databases using 

HMM profiles built from the ASMC1 groups (Figure 16). This extended set was studied through 

phylogenetic trees but also through a new hierarchical active sites classification, named ASMC2 (Figure 

66) according to the pipeline described in Appendix 4. First it was submitted to MODELLER (Sali & 

Blundell, 1993) to build 3D models for use in the ASMC analysis. The modeling was only done for the 

proteins sharing at least 23% of sequence identity with one of the crystallographic structures used as 

templates (AmDH4, MsmeAmDH and CfusAmDH), which represented 9,886 models. The template was 

automatically the one sharing the highest sequence identity with the target. Hence, the ASMC method 

was applied to these models using CfusAmDH pocket as reference to find the corresponding P1-P21 in 

each of the 9,886 models. Based on the P1-P21 profiles, all the models were clusterized to give the 

classification presented in Figure 66.  
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Figure 66. ASMC2 clusterization. For sake of clarity, only the clusters containing more than 15 members are 

represented. For better tracking, the colored labels refer to the previous G1-G8 groups from ASMC1. Black bold 

numbers correspond to the cluster numbering and number in brackets to the cluster size. The logos are related to 

the mainly studied clusters in Chapter IV, II.5. The logo represents the conservation of the active site residues and 

the color code refers to the chemical properties of the corresponding residue [green: polar residues, black: 

hydrophobic residues, red: acidic residues, blue: basic residues and purple: neutral residue (at physiological pH)]. 

 

In addition to this reference family, the sequences to be screened among the 2.6 billion available 

were restricted to enzymes bearing an NAD(P)-binding Rossmann fold domain, as we only targeted 

NADPH-dependent enzymes performing reductive amination. This was carried out using the specific 

SCOP Superfamily entry SSF51735 and eventually led to 20,315,745 sequences. These sequences were 

also clusterized and each of the 104,686 resulting subclusters was associated to an HMM profile. 

II.2 Selection strategy using distant homology 

Using HMM-HMM comparison (Söding, 2005), HMM profiles of the reference family were 

screened against the 104,686 HMM profiles of the NAD(P)-dependent families using the hhblits software 

(Gabler et al., 2020; Zimmermann et al., 2018). 440 new sequences, displaying less than 80% identity over 

80% of their sequence length (id80/cov80), were retrieved with this method but most of them were 

fragments, thus resulting in an only few number of valuable candidates. Moreover, when comparing the 

phylogenetic trees (Figure 67), one can note that the addition of these new sequences did not create a 

new branch. This suggests that we already have a complete picture of the nat-AmDH family with the 
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reference family of 17,039 sequences. Only the protein METDB-00128-1-DN9853 from the Marine 

Eukaryotes Transcriptomes (METdb) database was selected to be experimentally screened and has been 

added to the set of enzymes described in Chapter IV, II.3.  

 

Figure 67. Phylogenetic tree of (A) the extended reference nat-AmDH set (id80/cov80) and (B) the extended 

reference nat-AmDH set with addition of the sequences retrieved from the distant homology approach. 3,114 

sequences were identified and added to the extended set of 27,282 reference nat-AmDHs (without removal of the 

redundancy). This new set of 30,396 sequences was then pooled at id80/cov80 to finally obtain 3,460 non-redundant 

sequences. The color code refers to the G1-G8 active site homology groups. 

 

II.3 Experimental validation of the extended family of native amine 

dehydrogenases 

In a first phase of nat-AmDH family description, Jean-Louis Petit (LGBM) selected one or several 

representative member(s) of each cluster of the AMSC2 id95/cov90  (7,039 sequences) to cover the tree 

diversity. A total of 122 nat-AmDHs were selected and overexpressed in E. coli by Adrien Debard and 

Virginie Pellouin, from the Cloning and Screening Platform. The enzymes successfully produced were 

then screened by Virginie Pellouin and Dr. Carine Vergne-Vaxelaire against a range of typical nat-AmDHs 

substrates [(2R)-2-amino-4-oxopentanoate (166), cyclohexanone (45), butan-2-one (134), 1-

methoxypropan-2-one (189), furfural (57)], but also some less identified substrates [hexanal (207), 

hexan-2-one (43), hexan-3-one (200), benzaldehyde (31), 5-hydroxylmethylfurfural (58)], monitoring 

their conversion by UHPLC-UV and/or NAD(P)H-spectrophotometry assay. For enzymes of G1, with still 

no identified substrate for reductive amination, ten other compounds were hypothesized from in silico 

analysis and tested, mainly in the oxidative deamination direction due to the non availability of the 

corresponding ketones (not detailed here). These putative amines harbor a carboxylic group like in 165 

as their active site display a conserved Arg at the position equivalent to R161 in AmDH4 (P9). The partially 

analyzed results are presented in Appendix 73.  
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The screening methods and quantitative results are not detailed but the main conclusions were as 

follows: 

▪ The substrate(s) of enzymes from G1 group have still not be determined despite the screening 

of the ten putative substrates. Some enzymes were active towards 166, meaning their 

behavior is more similar to that of G2 enzymes. Their automatic classification in G1 has not 

been analyzed. 

▪ Enzymes from G2 were all active towards 166, indicating their potential role in ornithine 

degradation pathway, as for AmDH4, also included in this group. 

▪ An important part of enzymes from G3 and G4 were active towards their expected substrate 

such as 45, 57 or 134. Some of them were also active towards 166 but with lower conversions 

than for G2 enzymes.  

▪ The enzymes METDB-00128-1-DN9853 (G3-G4), resulting from the screening for distant 

homologs, was a good hit with formation of cyclohexylamine (179), (2S)-butan-2-amine (193), 

hexan-3-amine (238), furfurylamine (254), benzylamine (74).  

▪ A0A646KJR1 (G3) displayed a good activity towards hexan-3-one (200) and was therefore 

used for an in silico analysis aiming at finding other enzymes active towards 3C ketones 

(Chapter IV, II.5.3).  

II.4 Selection strategy using active site analogy 

In addition to the HMM-HMM comparison strategy, a more structure-based approach was 

attempted with the design of a nat-AmDH minimum active site constellation to recover analogs 

(Steinkellner et al., 2014). Such a design consists in the determination of a minimum active site that is 

sufficient to perform the required reaction. It considers the nature of the amino acid and the distances 

between each selected residue to find enzymes structures harboring the same 3D-configuration. I 

contributed to the design based on the experimental results obtained from the protein engineering work 

detailed in Chapter II, II. 

The first designs were based on CfusAmDH and MsmeAmDH available 3D-structures (PDB: 6IAU 

and 6IAQ, respectively) and on MATOUAmDH2 preliminary 3D-structure provided by the team of Prof. 

Grogan. In view of the results of the SDM strategy performed to determine the importance of some 

specific residues (see Chapter II, II), the minimum active sites comprised the residues summarized in 

Figure 68 and Table 15 (Constellation 1). The first constellations were built with a range of distances 

between each considered atoms in CfusAmDH, MsmeAmDH and MATOUAmDH2. The screening would 

be done in the available PDB structures bearing NAD(P)-cofactor but also in the AlphaFold structures 

database, comprising over 900,000 of mostly apo structures at this time (Varadi et al., 2021). Thus, the 
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set considered could include whether closed or open conformations of the active site. Therefore, 

considering P12 in the minimum active site was not relevant as this amino acids is highly mobile through 

the enzyme open-closed cycles. The C4N atom of the cofactor also could not be considered as the 

AlphaFold structures does not include an atom of the cofactor. We proposed three other minimum active 

sites replacing P12 and NAD(P)+ by more spatially stable and conserved residues interacting with the 

nicotinamide moiety of the cofactor. Notably, P6 was already mentioned in Chapter III, I.4.7.2.3 to bind 

with the amide substituent of the nicotinamide ring and is rather well conserved among the family. Also, 

P21 and a position named here P1’ (I106 in CfusAmDH), located behind the ring and well-conserved in 

the family, were added to keep considering the cofactor through its nicotinamide binding site. The new 

designs are detailed in Figure 68 and Table 15 (Constellations 2-3 and 4). The constellations 2 and 3 

differ only from the flexibility of amino acids considered for P21. 

 

Figure 68. Atoms and distances considered for the design of minimum constellations in CfusAmDH. Catalytic residue 

P3 and NADP+ are highlighted in pink and grey, respectively. Distances are given in Angstroms (Å). 

 

Table 15. Atoms and flexibility of amino acid type for the constellations design. “-“ means that all amino acids were 

allowed at this position. 

 

Const. Position Atom Type

P3 pseudoatom OE1-OE2 Glu

P10 CB Tyr/Phe/Trp

P12 CB Tyr/Phe/Trp

NAD(P) C4N

P3 pseudoatom OE1-OE2 Glu

P10 CB Tyr/Phe/Trp

P21 CB Thr

P3 pseudoatom OE1-OE2 Glu

P10 CB Tyr/Phe/Trp

P21 CB -

P1' CB Ile/Thr/Leu

P3 pseudoatom OE1-OE2 Glu

P6 CB Gln/Cys/Ile/Leu/Ser

P10 CB Tyr/Phe/Trp

1

2

3

4
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The screening included the following steps: each Glu residue were detected and a pocket search was 

subsequently carried out using Fpocket software (Barber et al., 1996; Le Guilloux et al., 2009; Liang et al., 

1998; Schmidtke et al., 2010). If a pocket was found, the constellation was screened using YASARA 

(Krieger et al., 2002). Other criteria were considered such as angles between the selected atoms and the 

accessibility of the Glu, to remove the cases of Glu buried outside of the detected pocket. It resulted in 

96 hits from the AlphaFold dataset and 98 NAD(P)-containing PDB structures, including the nat-AmDHs 

reference structures, but after closer investigation of these hits, also carried out by Dr. Eddy Elisée, none 

of them were considered viable for reductive amination. Within the MODAMDH project, all the models 

that could be generated from the 20 M sequences of NAD(P)-proteins retrieved from biodiversity should 

have been screened to find the designed constellations but the time project did not allow to do this 

step. 

II.5 Selection of native amine dehydrogenases with novel features 

As the two bioinformatic approaches to find distant homologs or active site analogs did not result 

in hits satisfying the expected criteria (enzyme of a new phylogenetic branch, enzyme with another type 

of fold, etc.), the search for nat-AmDHs with interesting features was fully done within the extended set 

of reference nat-AmDHs clusterized in the AMSC2 (17,039 sequences at id100/cov100 without 

redundancy).  

I carried out a structure-guided exploration by searching for nat-AmDHs candidates with 

particular P1-P21 residues that could lead to some wanted features. The exploration set considered all 

the extended nat-AmDH family clusterized in ASMC2 id100/cov100, which represented 9,763 models 

from CfusAmDH as the template for P1-P21 recognition (Figure 66). For the first round of selection, 

conducted with Dr. Eddy Elisée and Dr. Carine Vergne-Vaxelaire, we particularly focused on the clusters 

corresponding to the G3 and G4 P1-P21 profiles, namely enzyme active towards carbonyl substrates 

without functional requirement. Then, I sorted all the candidate enzymes into different objectives that 

could be fulfilled according to their specific structural features and decided to mainly focus on three of 

them: (1) increased active site volume to accommodate longer aldehydes or 2C ketones, (2) increased 

active site volume to accommodate more complex amine substrates than 11, (3) particular active sites 

to accommodate 3C ketones and (4) switch from a typical (S)- to a (R)-stereoselectivity. The next parts 

describe the method, positions considered and potential docking simulations carried out to refine the 

selection. 

Due to first production failure with ASMC1 candidate enzymes, we decided to use the solubility 

prediction tool SoluProt to have more insights into the expressability and solubility of candidates based 
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only on their sequence information (Hon et al., 2021). Even though SoluProt provides only 58.6% 

accuracy, the highest to date, this parameter was useful, for example, to discriminate two enzymes with 

similar active site features but different overall sequences and predicted solubility.  

II.5.1 Selection of enzymes for accommodation of carbonyl substrates harboring a 

chain length of at least six carbon atoms 

Making the link with the P5A and P8A mutants (Chapter III, I) and the attempts of production of 

nat-AmDHs from ASMC1 bearing similar features (Chapter IV, I), another round of nat-AmDHs selection 

was carried out from the ASMC2 clusters with the same objective. The main targeted positions were 

again P5 and P8, but also P7 located in the second layer, in π-stacking interactions with P5, and mainly 

occupied by hindered Tyr or Phe. We hypothesized that the presence of a shorter amino acid at this 

position could impact P5 (Tyr/Phe/Met/…) side chain positioning to the outside of the active site and 

thus, leaving space for larger substrates. Table 16 summarizes the enzymes selected for this objective 

and their corresponding P1-P21. 

Table 16. P1-P21 residues of the selected nat-AmDHs with a larger active site for carbonyl substrates. CfusAmDH is 

given as a reference and P5, P7 and P8 are highlighted as the target positions for this objective. Colors refer to the 

polarity and charge of the corresponding residue [blue: polar residues, yellow: hydrophobic residues, orange: 

aromatic residues, red: negatively charged residues, and green: positively charged residues (charges at physiological 

pH)]. The theoretical solubility was estimated using SoluProt web service (score > 0.5, yellow to green, corresponds 

to a soluble protein while a score < 0.5, yellow to red, corresponds to an insoluble protein). 

 

The 17 selected sequences were purchased as synthetic genes for production by overexpression in E. 

coli and will be screened against a range of aliphatic aldehydes, 2C and 3C ketones and towards 4-

phenylbutan-2-one (36), which was only accepted by the P5A and P8A mutants (Figure 42 and Appendix 

24). 
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II.5.2 Selection of enzymes for accommodation of primary or secondary amines 

In the search for other mutable residues to alter the nat-AmDHs substrate scope, P13 (L177 in 

CfusAmDH) was investigated. This residue is located in the active site ceiling (Figure 23 and Figure 69), 

close to the hindered P12 residue. If we refer to CfusAmDH model with 45 and 11 docked in the active 

site by Karine Bastard, L177 is the direct first layer of the active site in 11 side. Its mutation to a smaller 

residue could improve the accommodation of more complex primary amines as amine donor instead of 

the simple 11 or 38. Even though the nat-AmDH family was more described with 11, some nat-AmDHs 

were already reported to accept 38, especially MicroAmDH, MvacAmDH, CfusAmDH and MsmeAmDH, 

displaying 851.3, 262.6, 257.7 and 144.5 mU mg-1 specific activity, respectively, towards 170 in presence 

of 38 (Mayol et al., 2019). 

 

Figure 69. CfusAmDH active site with docking of 45 and 11. The surface of the upper part of the catalytic pocket is 

represented. L177 is highlighted in yellow and some of the P1-P21 positions are represented in green. NADP+ and 

45 (CYH) are colored in grey and blue, respectively. Distances are given in Angstroms (Å). 

 

Among the restricted set of nat-AmDHs, this position shows very little diversity with mainly Leu 

and some exceptions such as Val in AmDH4 and other MsmeAmDH P1-P21 homologs and Thr in OM-

RGCAmDH2 and other CfusAmDH P1-P21 homologs. In some cases, such as A0A078BAL0, A0A077ZQK8, 

and A0A078AU13, the automatic identification of a residue at this position by the ASMC pipeline even 

failed, meaning that no residue was found close enough to the P13 residue of CfusAmDH template 

(Appendix 5). Within the expanded set, Leu remains in majority with also some clusters displaying Thr 

(e.g. cluster 40, 1438), Val (e.g. cluster 20), Ala (e.g. cluster 1438) or even Arg (e.g. cluster 1156) (Figure 

66). To study the potential of targeting this residue to find nat-AmDHs active with primary amines, the 

docking of the amine substrate 38 and ethylamine (255) was carried out in CfusAmDH-L177A vs WT 
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active site already containing the docked 45 (Figure 70). The parameters used for the docking are 

described in Experimental section, VI.2.2.4. 

 

Figure 70. Docking of 38 and 255 amine substrates in CfusAmDH and CfusAmDH-L177A. The model used, made by 

Karine Bastard, contained the docked substrates 45 and 11. The latter was removed to introduce primary amines: 

(A) 38 and (B) 255. (C) shows the average binding energies (kJ mol-1) associated to the 10 poses generated. In all 

cases, the configurations display very little variation. CfusAmDH and CfusAmDH-L177A are colored in grey and 

green, respectively. L/A177 and the amine pose with the lowest binding energy are highlighted in yellow. The 

distance are given in Angstroms (Å). 
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Interestingly, the two amine substrates can be docked in both the WT and the mutant, but in 

different conformations while still retaining a similar distance with P3. In CfusAmDH, 38 and 255 were 

docked close to the nicotinamide ring (3.8 Å). With the space left by the mutation in CfusAmDH-L177A, 

the amine substrates were systematically docked closer to the pocket ceiling, towards Y202 (P17) with 

one hydrogen pointing towards the hydroxyl moiety at 2.0 Å distance. This could contribute to the lowest 

binding energies obtained in the mutant than in the WT enzymes (Figure 70C). This positioning pushed 

them further away from 45 but the docking should have been done giving flexibility to the already 

docked 45 or by docking the two substrates at the same time for more relevancy.  

This study was recently completed with the corresponding mutation in MATOUAmDH2 (L180A) 

carried out by Megan Bennett (Bennett et al., 2022). The mutant was much more active than the WT 

enzyme to catalyze the reductive amination of 45 with 38 achieving 41% in 24 h at 25°C instead of 8%. 

These results drove the selection of enzymes bearing short residues at P13 position among the 

ASMC2 clustering. Table 17 summarizes the selected enzymes for this objective. 

Table 17. P1-P21 residues of the selected nat-AmDHs to accommodate larger amine substrates. CfusAmDH is given 

as a reference and P13 is highlighted as the target position for this objective. The color code refers to the polarity 

and charge of the corresponding residue [blue: polar residues, yellow: hydrophobic residues, orange: aromatic 

residues, red: negatively charged residues, and green: positively charged residues (charges at physiological pH)]. 

The theoretical solubility was estimated using SoluProt web service (score > 0.5, yellow to green, corresponds to a 

soluble protein while a score < 0.5, yellow to red, corresponds to an insoluble protein). 

 

These 18 enzymes will be screened in conversion assays against typical carbonyl substrates such as 45 

and 57 with both 11 and 38. The hits will be further tested with longer or more complex primary amines 

such as 255 or cyclopropylamine (69). 
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II.5.3 Selection of enzymes for accommodation of ketones harboring a carbonyl 

function on the third carbon atom of the chain 

 Along with the different assays and screenings carried out, some nat-AmDHs, either native or 

mutants, featured an ability to accept 3C ketones. These compounds harbors an ethyl group instead of 

the methyl or simple hydrogen found in 2C ketones and aldehydes, respectively, the major substrate 

classes of the nat-AmDHs family. As already mentioned in Chapter III, I.4.5, only a few examples of 

RedAms can facilitate the reductive amination of such compounds giving the (R)-enantiomer with very 

low ee (Mangas-Sanchez et al., 2020). Thus, it would be a real advantage to structurally rationalize the 

ability of some nat-AmDHs to accommodate these substrates and find enzymes with a still rarely 

described substrate spectrum. We searched into MsmeAmDH, MicroAmDH, PortiAmDH and A0A646KJR1 

in particular, a structural clue that could explain 3C ketones accommodation. Indeed, MsmeAmDH, 

MicroAmDH, PortiAmDH could afford 39.1%, 51.2% and 46.5% conversion of hexan-3-one (200), 

respectively (Table 6). A0A646KJR1 was not characterized as purified enzyme but could already catalyze 

a substantial amount of 200 when used as cell lysates in the descriptive 96-well plate screening  

described in Chapter IV, II.3. The models of MicroAmDH and PortiAmDH were generated by homology 

with MsmeAmDH (66% and 68%  sequence identity, respectively) using Swiss Model (Bertoni et al., 2017; 

Bienert et al., 2016; Guex et al., 2009; Studer et al., 2019; Waterhouse et al., 2018). As for A0A646KJR1, 

which displays a maximum of 41.7% sequence identity with either CfusAmDH or MsmeAmDH, the 

homology model generated was not reliable and it was visible with a shift in P17 position in the F204-

I215 helix (D186-S210 in CfusAmDH). Thus, its model was generated using ColabFold, the accessible tool 

using AlphaFold2 pipeline (Jumper et al., 2021; Mirdita et al., 2022). 

The presence of a second pocket below the catalytic residue P3 was particularly visible in these three 

enzymes and absent in other nat-AmDHs, such as CfusAmDH and MATOUAmDH2 that do not accept 

3C ketones or on a much lesser extent (Figure 71). The additional space available on the other side of 

the pocket, opposite to the previously described P5 and P8, might facilitate the accommodation of the 

ethyl moiety of such compounds. Four amino acids form the second pocket, namely, in MsmeAmDH, 

L107 (PA), Q137 (P6), N202 (PB) and V203 (PC). Its formation is not fully understood as, in CfusAmDH, 

there seems to be a similar space left by these positions compared to MicroAmDH, PortiAmDH, 

MsmeAmDH or A0A646KJR1, but the connection with the main pocket does not occur due to a slightly 

shifted positions of P8 and P17 which block the entrance (Figure 71A).  
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Figure 71. Second pocket in nat-AmDHs. (A) CfusAmDH (PDB: 6IAU) (B) MsmeAmDH (PDB: 6IAQ) (C) MicroAmDH 

(Model generated using Swiss Model and 6IAQ-chainA as template) (D) MATOUAmDH2 (PDB: 7R09) (E) PortiAmDH 

(Model generated using Swiss Model and 6IAQ-chainA as template) and (F) A0A646KJR1 (ColabFold model). P3 is 

colored in pink. PA, P6, PB and PC are highlighted in yellow. The pocket is represented with the surface mode on 

PA, PB, PC, P3, P5, P6, P8 and P13. RMSD (MsmeAmDH-CfusAmDH) = 0.987 Å; RMSD (MicroAmDH-CfusAmDH) = 

0.878 Å; RMSD (MATOUAmDH2-CfusAmDH) = 1.376 Å; RMSD (PortiAmDH-CfusAmDH) = 0.960 Å; RMSD 

(PortiAmDH-CfusAmDH) = 1.012 Å. 

 

Theoretically, this second pocket can also lead to variations in the stereochemistry if the longer 

substrate chain can be positioned towards P5-P8 or towards the second pocket, thus not presenting the 

same face of the carbonyl bond. Experimentally, the screening of PortiAmDH P5A and P8A mutants 

resulted in the major formation of (2R)-octan-2-amine (256) and (2R)-4-phenylbutan-2-amine (55) 

(49.3% and 49.6% ee, respectively). The accuracy of these ees must be nuanced in view of the low 

conversions discussed (3.4% and 2.4%, respectively) and therefore the low UV areas taken into account. 

Accordingly, we selected 15 enzymes bearing at least one short residue at the positions PA, P6, PB or 

PC. Even though the bottleneck of the second pocket formation is still not clear, having enough space 

left in this area can reveal enzymes with still unreached high potential for 3C ketones with different sizes 

and substitutions. We also added in this selection some active site homologs of MsmeAmDH, 

MicroAmDH, PortiAmDH and A0A646KJR1, namely part of members of the clusters 14 (5 members, 
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MicroAmDH and MsmeAmDH cluster), 20 (33 members, PortiAmDH cluster) and 4 (6 members, 

A0A646KJR1 cluster). The clusters 4 and 14 does not appear in the ASMC2 tree as they comprise less 

than 15 members. All the enzymes selected for this objective are summarized in Table 18.  

Table 18. P1-P21 residues of the selected nat-AmDHs to accommodate 3C ketones. CfusAmDH is given as a 

reference and PA, P6, PB and PC are highlighted as the target positions for this objective. The color code used refers 

to the polarity and charge of the corresponding residue [blue: polar residues, yellow: hydrophobic residues, orange: 

aromatic residues, red: negatively charged residues, and green: positively charged residues (charges at physiological 

pH)]. The theoretical solubility was estimated using SoluProt web service (score > 0.5, yellow to green, corresponds 

to a soluble protein while a score < 0.5, yellow to red, corresponds to an insoluble protein). 

 

The 29 selected enzymes will be tested towards a range of aliphatic aldehydes, 2C and 3C ketones but 

also towards the particularly rigid acetophenone (39) which was only accepted by PortiAmDH, 

MsmeAmDH and MicroAmDH so far (Table 4). 

 

II.5.4 Selection of enzymes to reach (R)-stereoselectivity 

 The nat-AmDH family was mainly described to provide a (S)-stereoselectivity, except for 

particular substrates or enzymes such as PortiAmDH which achieved 47.4% conversion of hexan-3-one 

(200) and 23.9% ee for the suspected (3S)-hexan-3-amine (202) and a conversion of 21.9% of heptan-

3-one (234) and 54.2% ee for the suspected (3R)-heptan-3-amine (257) (Chapter III, I.4.5). Regardless, it 

would be interesting to have a structural explanation for this stereoselectivity and expand the family 

with new members providing the reverse one, thus providing nat-AmDH templates with on demand 
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characteristics. This study requires to work on the symmetry of the cavity even though there is still no 

confirmation of the ketone positioning resting from 3D structures. Also, the docking results are not easy 

to correlate with the experimentally obtained stereoselectivity. Theoretically, the reversal of ceiling and 

floor (Figure 23) symmetry seems difficult to reach in our case because it would require a big 

enlargement of the pocket ceiling that the overall nat-AmDHs folding and dynamic could not afford. 

However, the “right to left” symmetry can occur with the second pocket described in the previous part. 

Another possibility is to move the catalytic residue to the other side of the pocket at equidistance with 

the nicotinamide ring of the cofactor to still enable the reaction (Scheme 34). 

 

Scheme 34. Schematic view of a catalytic glutamate located on the opposite side of P3 in the active site. As an 

example, pentan-2-one (112), ammonia (11) and a part of the nicotinamide cofactor are also represented. 

 

In nat-AmDHs, P20 or P5 are at a correct distance to the nicotinamide ring to play the role of 

“new” catalytic position if occupied by negative Glu or Asp. Three examples of nat-AmDHs found in 

ASMC2 are given in Figure 72. Among all the structures considered, only one displayed a Glu or Asp at 

an equivalent position of P5, namely MGYP000037226974, which harbors an additional residue between 

P5 and P6, named P5’ here, as what is found in AmDH4 (Chapter III, III). The other candidate enzymes 

harbor a Glu or Asp residue at position P20. 
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Figure 72. Examples of nat-AmDHs with potential catalytic residue at P5’ or P20. (A) MGYP000357504158 (green) 

with Asp at P20 (B) GUT_GENOME186969_00552 (beige) with Glu at P20 and (C) MGYP000037226974 (blue) with 

Glu between P5 and P6 (P5’) aligned with CfusAmDH (PDB: 6IAU), shown in grey. P3 and NAD(P)+ are highlighted in 

pink and orange, respectively. RMSD (MGYP000357504158-CfusAmDH) = 0.403 Å; RMSD 

(GUT_GENOME186969_00552-CfusAmDH) = 0.431 Å; RMSD (MGYP000037226974-CfusAmDH) = 0.377 Å. 

 

An Asp at P20 seems to be the most favorable system as the distance D291 (OD1)-NADP(C4N) 

is similar to E106 (OE2)-NADP(C4N) (5.1 and 5.0 Å, respectively). In the other systems, the longer Glu 

side chain bring the carboxyl moiety at less than 4 Å of C4N that could be unsuitable for 11 to position 

and for the reaction to proceed. However, these observations are based on homology models generated 

using CfusAmDH as template with which they shares only 41.5 - 44.5% sequence identity that might bias 

the side chain positioning. These models may not be reliable enough to trust the side chain orientation. 

All the systems Glu at P5’ or P20 or Asp at P20 were considered for the selection. It is clear that the 

presence of the conserved Glu at P3 indicates that the selected enzymes are more likely to use this 

residue for 11 fixation and activation than the additional one at P5’ or P20. Thus, if the first hits display 

a substantial (R)-amine formation, it could be interesting to remove Glu at P3 to potentially achieve full 

conversion in (R)-amine. Complementary docking experiments of (2S)-pentan-2-amine (173) and (2R)-

pentan-2-amine (258) were carried out in the three examples abovementioned to estimate the amine 

positioning towards the original P3 or P20/P5’ and try to predict the stereoselectivity of the reaction for 
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this substrate. As already explained in Chapter II, IV.1.2 for the in silico study on the short 

(hydroxyl)amines, the number of poses bearing the correct amine moiety orientation were considered 

and related to their binding energy (Figure 73) (Experimental section, VI.2.2.5). 

 

Figure 73. Docking of (2S)-pentan-2-amine (173) and (2R)-pentan-2-amine (258) in MGYP000357504158 (MGY-

158) GUT_GENOME186969_00552 (GUT-552) and MGYP000037226974 (MGY-974) with potential catalytic residues 

at P5’ or P20. (A) gives the number of “correct” poses and the average binding energies (kJ mol-1) associated. The 

bars represent the standard deviation compared to the average. 3D-representation of the top pose of the docked 

amines in (B) MGY-158 (B) GUT-552 and (C) MGY-974. 

 

Interestingly, in MGY-158 and GUT-552, all the poses, either for 173 or 258, were oriented 

towards P20 even in the presence of Glu at P3. Also, MGY-158 seemed to better accommodate the (S)-

amine with 8 poses vs 2 for the (R)-amine, and slightly lower binding energy with -6.7 kJ mol-1 for the 

(S)-amine and -6.5 kJ mol-1 for the (R)-amine. This might be due to the side chain positioning of Asp or 

Glu at P20 presenting two O-atoms, thus leading to more favorable interactions with the amine moiety 

than the single O-atom provided by Glu at P3. On the contrary, GUT-552 favored the (R)-amine 

accommodation with 7 poses (-7.3 kJ mol-1) vs 2 (-6.9 kJ mol-1) for the (S)-amine. In MGY-974, both (S)- 

and (R)-amines were oriented with the amine moiety towards P3 and/or P5’. In comparison, the docking 

of (2R/S)-butan-2-amine (182 and 193) in CfusAmDH, MsmeAmDH or MicroAmDH, described in Chapter 

II, IV.1.2, led to -5.3 - -6.1 kJ mol-1 binding energies, then supposedly slightly less favorable. 

The enzyme selection for this objective is given in Table 19. 
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Table 19. P1-P21 residues of the selected nat-AmDHs to switch the catalytic residue position. CfusAmDH is given as 

a reference and P5’ and P20 are highlighted as the target positions for this objective. Colors refer to the polarity 

and charge of the corresponding residue [blue: polar residues, yellow: hydrophobic residues, orange: aromatic 

residues, red: negatively charged residues, and green: positively charged residues (charges at physiological pH)]. 

The theoretical solubility was estimated using SoluProt web service (score > 0.5, yellow to green, corresponds to a 

soluble protein while a score < 0.5, yellow to red, corresponds to an insoluble protein). 

 

The 30 selected enzymes will be assayed against a range of typical nat-AmDHs substrates such as 

pentan-2-one (112) or cyclohexanone (45) also with methyl substituents to bring the chirality and 

eventually against the functionalized 1-hydroxybutan-3-one (190) that could benefit from the charged 

Glu or Asp at P5’ or P20, even though the switch of stereochemistry will not occur in this case. 

II.5.5 Final selection of key novel nat-AmDHs 

A total of 92 enzymes were selected for the four objectives. This set also includes two sequences 

from MATOU database that was not included in the extended set of reference nat-AmDHs at the time 

of the AMSC2 running. Among the 92 sequences, 29 had to be redesigned due to a truncated N-ter or 

C-ter compared to the conserved nat-AmDH folding. This is one of the limitations of working with 

metagenomic databases that sometimes hold incomplete sequence data. As it was previously done to 

design MATOUAmDH1 and MATOUAmDH2 (Caparco et al., 2020), the missing sections were designed 

from a consensus segment found in the complete sequences sharing the highest sequence identity with 

the target (Appendix 74). In some cases, when the identity was particularly high with one sequence, the 
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missing sections were just copied from the template. Experimentally, we purchased the corresponding 

synthetic genes and primers necessary to amplify and produce both the designed and the short version 

of the enzymes. The enzyme production, from cloning to cell lysates retrieval, was done by Adrien 

Debard and the successfully produced enzymes will be screened soon. 

III. Conclusion 

Within the scope of the MODAMDH project, the extension of the set of reference nat-AmDHs 

from 2,011 to 17,039 sequences gave access to a higher diversity of templates to explore. From the 92 

selected enzymes, only nine were present in the initial ASMC1. The results of the screening will inform 

us on the viability of the structure-guided selection done here, even if issues with their production will 

perhaps prevent such conclusions. In all cases, this will give more give us some starting clues to consider 

for protein engineering. The selection of enzyme candidates for the discussed features, for the moment 

scarcely or not observed in the nat-AmDH family, has been done manually, even if based on the P1-P21 

results from the automatic pipeline ASMC. Such a work would benefit to be done automatically to avoid 

missing some interesting enzymes, for example for the in silico detection of the second pocket for activity 

towards 3C ketones. Obviously, MD can also support some hypotheses and help the selection. This 

Chapter also demonstrated the high interconnections between the different studies brought up along 

the previous chapters. In fact, the accumulation of structural and experimental data about the currently 

known nat-AmDHs and mutants was essential for the selection.  
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CONCLUSION AND PERSPECTIVES 

 

 The work done during the three years of my PhD project mostly answered to the objectives 

identified for the nat-AmDH family structural study, exploration and diversification exposed in Chapter 

I, III. 

Over the structural analysis of some either characterized or still uncharacterized members, the 

family was shown to exhibit a high conservation of the global fold with a characteristic open-to-closed 

dynamic. Some key hotspot segments displaying higher diversity in their 3D arrangement were identified  

and could be interesting to investigate as they could impact the enzyme stability, expressability or 

dynamic velocity. The analysis of the amino acid occurrence at some positions among the family 

combined with a SDM strategy enabled to further understand the nat-AmDH mechanism, that is still 

only hypothesized. P3 was already known to be the catalytic residue for ammonia (11) activation but we 

highlighted the importance of having bulky amino acids at P12 for active site closing and substrate 

positioning, at least in the analogs of the reference CfusAmDH. P10 was previously hypothesized to 

ensure the substrate stabilization within the active site mainly thanks to a H-donor hindered residue. 

Yet, our study revealed it could accept increasingly shorter and unfunctionalized amino acids without 

suffering complete deactivation of CfusAmDH. This position would be particularly interesting to 

investigate in other nat-AmDH scaffolds for substrate scope expansion.  

In a collaboration with the team of Prof. Bommarius, we studied the stability of a set of nat-

AmDHs through the monitoring of their specific activity under various storage conditions. The 

temperature appeared to be the critical parameter but two nat-AmDHs, IGCAmDH5 and AcolAmDH, 

stood out with practically no activity loss after 6 days at 37°C. The relationship between experimental 

stability and structural features could not be completely rationalized. It could be interesting to pursue 

this study with experts in protein stability, but this sub-project is, for the moment, not a priority for the 

team. The writing of the related publication is in progress, mainly in the hands of the collaborators who 

led this study.  

Our knowledge on the nat-AmDHs substrate promiscuity, was enriched by the study of their 

biocatalytic potential towards short prochiral ketones bearing methoxy and hydroxy moieties [butan-2-

one (134), 1-methoxypropan-2-one (189), etc.], short aldehydes with aliphatic and aromatic cyclic 

substituents [furfural (57), benzaldehyde (31), etc.] but also 3C aliphatic ketones [hexan-3-one (200)]. 

Some nat-AmDHs appeared to be quite efficient towards such substrates, thus complementing the 
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biocatalytic toolbox of enzymes for reductive amination, rather limited for these substrates. Molecular 

docking experiments, carried out with the amines formed from the reductive amination of key short 

prochiral ketones, gave first insights into the characteristic (S)-enantioselectivity of the nat-AmDH family. 

In the future, more downstream processes for the synthesis of some of these key amines would be 

interesting to carry out in collaboration with other teams. Some project discussions in this direction are 

underway in the team. A very preliminary study was also performed to estimate the nat-AmDHs potential 

for reductive sulfidation of carbonyl compounds in presence of the sulfur donor Na2S. The catalytical 

thiol formation was difficult to attest due to a high proportion of spontaneous reaction in the conditions 

tested. Some alternatives were proposed to improve the thiol formation and monitoring. Clear proofs 

of nat-AmDH-mediated sulfidation need to be obtained to potentially lead to a sub-project on this 

secondary activity. This may be carried out internally in the team in the coming months.  

One of the main objectives was to diversify the nat-AmDHs substrate scope either by protein 

engineering or biodiversity mining. Inspired by the diversity found within the family and supported by 

molecular docking experiments, we identified P5 and P8 positions as hotspots for active site expansion. 

These positions were first mutated in shorter Ala on the reference enzyme CfusAmDH and then 

transposed into nine other nat-AmDHs displaying similar scaffolds but slightly different P1-P21 residues 

in the active site. Ultimately, thirteen of these mutants were more active than the native enzymes towards 

C6 to C10 aldehydes or 2C ketones under non-optimized reaction conditions. A structural 

characterization of the top mutant CfusAmDH-W145A was done thanks to our collaboration with the 

team of Prof. Grogan (University of York) for the crystallization and structural resolution and with 

Gwenaëlle André-Leroux (INRAE) for MD simulations. The combination of both approaches gave more 

insights into the enzyme global dynamics and brought partial explanation for the altered mutant 

substrates and cofactor specificity of the mutant. An extended biodiversity mining, within the 

MODAMDH project, has also contributed to fulfill these objectives of nat-AmDH substrate scope 

diversification, in addition to the amine substrate scope and the reversal of the typical (S)-

enantioselectivity. All structural and experimental data collected thus far by Dr. Eddy Elisée were used to 

refine the selection of nat-AmDH sequences retrieved from genomic and metagenomic databases to 

reach these goals. The 92 enzymes selected are now being produced as cell lysates to test their activity 

towards key substrates. The MODAMDH strategy and some of the experimental results obtained are 

planned to be submitted to a journal such as Nature Catalysis early 2023. Depending on the 

identification of some nat-AmDHs with notable alternative features compared to the already 

characterized ones, a synthetic application could be carried out by an upcoming student. 
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Another strategy of in vivo evolution of enzymes catalyzing the reductive amination of carbonyl 

compounds was attempted taking advantage of the automated continuous evolution devices available 

at the Genoscope. The first evolution system was based on the ammonia (11) released from the oxidative 

deamination of amines by nat-AmDHs to supply the evolving strains in nitrogen. The activity of nat-

AmDHs in the deamination way was probably too limited to provide enough nitrogen needed for cells 

growth. The second less demanding evolution system utilizes the same way of reaction catalyzed by 

AspRedAm to release the NADPH required for the growth of an in-house NADPH-autotrophic strain. The 

evolution is still underway but no remarkable event has yet been noticed during the evolution that could 

allude an enhancement of AspRedAm activity. Such an in vivo strategy for improvement of heterologous 

AmDH activity in E. Coli would be still challenging to lead and may require a full-time work on it. Indeed, 

it will presumably need to combine in vivo mutagenesis and evolution in GM3 to manage to unlock the 

critical points, in particular sufficient initial activity to allow sufficient growth to start the evolution. 

My PhD work was part of the multiple sub-projects that are jointly conducted within the AmDH 

project to fully exploit the potential of these enzymes. Notably, these were combined with an ene-

reductase in a bi-enzymatic cascade to access chiral amines from unsaturated ketones and aldehydes. 

This work arose from a collaboration with the team of Caroline E. Paul (T.U. Delft) (Jongkind et al., 2022). 

Another PhD student, Josermarco Mendoza Avila is currently supervised by Dr. Carine Vergne-Vaxelaire 

and Prof. Francesco Mutti (University of Amsterdam) in collaboration with Dr. Louis Mouterde (URD ABI, 

AgroParisTech) to modify E. coli cells for the use of AmDHs as whole-cell biocatalysts for amine synthesis. 

Indeed, compared to the general use of enzymes as cell lysates or purified enzymes generally done 

within the L2BMS laboratory, the use of whole-cells have several advantages of lower production cost, 

higher enzyme stability and usability in synthesis with easier operational work up processes.  

Another improvement of the nat-AmDHs that was proposed is a switch of cofactor preference 

from NADPH to NADH, for which various recycling systems are available, thus being more attractive for 

the industries. Preliminary studies were carried out by Dr. Eddy Elisée to determine the sequence profile 

associated to the cofactor binding site and that could help to predict the cofactor preference from an 

nat-AmDH protein sequence. Also, Dr. Carine Vergne-Vaxelaire deeply looked at the diversity of residues 

found at the cofactor binding site within the nat-AmDH family to correlate structural features with 

experimental behavior with the provided cofactors. Both of these studies could help to rationalize the 

selection of novel enzymes with native preference for NADH or to force the switch through protein 

engineering. 
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Thanks to this research work, various advances on nat-AmDH enzymes have been achieved. 

Some of the results open the door to many other scientific questions that would be interesting to 

address, as mentioned at the end of each of the concluding paragraphs. 

All the works conducted within the AmDH project highlight the pluridisciplinary approaches that 

are necessary in biocatalysis but also in scientific research, in general. The involvement of people with 

different backgrounds and expertise including bioinformaticians, chemists and biologists, is the only 

alternative to address the current challenges and build a more sustainable chemical industry. 
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EXPERIMENTAL SECTION 

I. Generals 

I.1 Chemicals 

All the chemicals were purchased from commercial suppliers (Merck®/Sigma Aldrich®, 

Enamine®, Thermo Fisher Scientific®, Alfa Aesar®, VWR®, Combi-Blocks®) and used without 

additional purification. (4S)-4-aminopentanoic (167) acid and (2R,4S)-2,4-diaminopentanoic acid (165) 

were previously synthesized in our laboratory. Glucose dehydrogenase GDH-105 (GDH) was given by 

Codexis®. Ammonium formate buffer were produced from substances purchased from Sigma Aldrich® 

and adjusted to the desired pH value with ammonium hydroxide 30%. Synthetic genes and primers used 

for cloning or SDM were purchased from Twist Bioscience®. 

I.2 Equipment 

 Molecular biology experiments were performed using the following equipment: Invitrogen 

Qubit®fluorometer for DNA titration, QIAcube (QIAGEN®) for plasmid DNA Miniprep and BioRad 

MicroPulser™ for cells electroporation.  

Enzymes production were carried out using the following equipment: Jouan incubator for cells 

growth on gel plates at 37°C, Innova 4300 Incubator Shaker (New Brunswick Scientific®) for cells growth 

in liquid medium at 37°C, INFORS HT Multitron Standard for cells growth at given temperature and 

enzymes induction at 20°C, SONICS VibraCell™ equipped with a Tapered Microtip 3 mm conical 

microprobe for sonication. Invitrogen Novex Minicell and Xcell Sure Lock for SDS-page gels and Spectro 

max 384 Plus (Molecular Devices) for enzymes titration using Bradford technic. 

Bioscreens were performed using Bioscreen C (Thermo Scientific Labsystems).  

Biocatalytic reactions were performed under agitation using Eppendorf Thermomixer C. UHPLC 

analyses were performed on a UHPLC U3000 RS 1034 bar system (Thermo Fisher Scientific®) equipped 

with a DAD3000 diode array detector and a MSQ Plus™ Single Quadrupole Mass Spectrometer using a 

Kinetex® F5 (Phenomenex®) column (100 × 2.1 mm; 1.7 μm). GC-FID analyses were performed on a Gas 

Chromatograph Trace 1300 (Thermo Fisher Scientific®) equipped with an autosampler injector 

AI/AS1310, a Flame Ionization Detector (FID) and a H2 Generator Alliance (FDGSi). Samples were injected 

on a TG-35MS AMINE (Thermo Fischer Scientific®) column (30 m; 0,25 mm; 1 μm). Spectrophometric 

assays were recorded on a Safas UVMC2 (Safas®) thermostated with a refrigerated/heating circulator 

Polystat36 (Thermo Fisher Scientific®) or CORIO CD-200F cryostat (JULABO GmbH®) and using 
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microcells high-precision cell quartz with 6 or 10 mm light path (Hellma Analytics). GC-HS-MS analyses 

were performed on a Trace 1300 coupled to an ISQ 7000 VPI single quadrupole mass spectrometer 

(Thermo Fisher Scientific®). The instrument was equipped with a 30 m × 0.25 mm × 0.25 μm DB-624-

UI column (Agilent J&W®), a split/splitless injector, and an automatic sampler TriPlus RSH coupled to a 

Headspace tool. NMR spectra were recorded on a Bruker (Bruker) 600 MHz spectrometer (Evry 

University, France) for 1H and 13C experiments. Chemical shifts (expressed in ppm) of 1H spectra were 

referenced to the solvent peaks δ(H) = 4.65 for D2O. 

The diffraction of CfusAmDH-W145A crystals was tested using a Rigaku Micromax-007HF fitted 

with Osmic multilayer optics and a MARRESEARCH MAR345 imaging plate detector. 

I.3 Softwares 

Multiple sequence alignment (MSA) and sequence identity matrices were performed using 

Clustal Omega webservice. P1-P21 conservation logo were generated using WebLogo webservice. 

Enzymes structural analyses were performed using the following softwares: SwissModel 

webservice (Waterhouse et al., 2018), MODELLER software (Fiser et al., 2000; Fiser et al., 2003; Martí-

Renom et al., 2000; Sali et al., 1993; Webb et al., 2016) for the generation of homology models, ColabFold 

webservice (Mirdita et al., 2022) for the generation of template-free models, PyMol Schrödinger LLC for 

3D visualization, Autodock for molecular docking after ligand PDB file generation using the free demo 

of Corina Molecular webservice, CAVER WEB webservice (Stourac et al., 2019) for pocket volume 

calculation. MD simulations were performed using GROMACS software (version 2021.3) (Abraham et al., 

2015; Berendsen et al., 1995; Hess et al., 2008; Lindahl et al., 2001; Pronk et al., 2013; Van Der Spoel et 

al., 2005; Bekker et al., 1993). Normal modes were generated using elNémo webservice [Suhre et al., 

2004 (A), Suhre et al., 2004 (B)]. 

Enzyme solubility predictions were performed using SOLUPROT 1.0 webservice (Hon et al., 2021). 

Molecular biology experiments were supported by the following softwares: ExPasy Translate 

Tool (Gasteiger et al., 2003) for nucleotidic sequence translation into proteic sequence, OligoCalc (Kibbe, 

2007) and GC content Calculator for primers design and BioEdit software (Hall, 1999) for multiple 

sequence alignment and sequencing data analyses. Enzyme titration were performed using SoftMax Pro 

5.4 (Molecular Devices). 

Bioscreens were performed using BioScreener software (Growth Curves, USA). 
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Spectrophotometric assays were recorded on SAFAS SP2000v7 software. UHPLC and GC-FID 

assays were recorded and analyzed using Chromeleon software. GC-HS-MS assays were recorded using 

XCalibur software. Sigma Plot software was used for curve fitting and calculation of kinetic parameters.  

ChemDraw was used as a drawing tool for molecules and reactions schemes.                                                                                              

II. Enzyme production 

II.1 General method for enzyme cloning 

The primers were designed with addition of specific extension for cloning into our in-house 

plasmid pET22b(+) (Novagen) modified for ligation independent cloning (LIC). The forward primers also 

harbor a His-tag after the methionine for enzyme purification. Gene amplifications were performed using 

Q5 high fidelity DNA polymerase (QIAGEN®) following the instructions of the supplier. 

The purified PCR product was then incubated with T4 DNA polymerase in presence of dGTP ( 25°C, 20 

min) for preparation of the LIC insert. After ligation into the LIC-treated pET22b(+) plasmid, the 

construction was inserted into NovaBlue(DE3) Competent Cells. A colony PCR using Dream Taq DNA 

polymerase in presence of primers designed from the vector sequence on both sides of the cloning site, 

enabled to pick up the clones containing the insert for growth on LB medium and subsequent MiniPrep 

and sequence checking. PCR mixtures and thermal cycles were done following the instructions of the 

supplier. 

II.2 General method for site-directed mutagenesis 

One and multiple SDM were carried out using QuikChange II XL Site-directed and QuikChange 

Multi-Site directed Mutagenesis Kits, respectively, from Agilent® following the protocols provided by 

the supplier. Primers for site-directed mutagenesis were design with the appropriate change in 

nucleotidic sequence to introduce the mutation into the AmDH gene-containing-pET22b(+) 

construction. The triplet chosen was the one displaying the highest usage frequency in E. coli. 

II.3 General method for enzyme induction 

The verified constructions were then transformed into in-house E. coli BL21 C+ competent cells 

for induction. These were grown on Terrific Broth (TB) medium containing 0.5 M sorbitol, 5 mM betaine 

and 100 g mL-1 carbenicillin at 37°C until reaching an OD600 of 0.8-1.2. IPTG was added at 0.5 mM final 

concentration to start the protein induction and the cells were further grown overnight at 20°C. The 

culture medium was split into 50 mL culture medium aliquots. After centrifugation, the pellet was stored 

at -80°C for at least 4 h to facilitate cells membrane breakage. The frozen pellets were then resuspended 



 

210 

 

in 3 mL lysis buffer (50 mM potassium phosphate buffer, pH 7.5, 50 mM NaCl, 10% glycerol) containing 

1 mM Pefabloc®SC and 5 µL Lysonase TM bioprocessing reagent (Novagen®), agitated for 30 min at 

RT and sonicated using Ultrasonic Processor. After centrifugation, the cell-free extract was recovered 

and stored at -80°C. 

II.4 General method for small-scale purification of enzymes 

 After cloning or SDM and enzyme induction detailed in Experimental section, II.1; II.2 and II.3, 

respectively. Small-scale purifications were carried out using nickel affinity chromatography by loading 

cell-free extract onto a Ni-NTA column (QIAGEN) according to the supplied protocol. The washing buffer 

contained 50 mM potassium phosphate buffer (pH 7.5), 50 mM NaCl, 10 % glycerol and 30 mM 

imidazole. The elution buffer contained 50 mM potassium phosphate buffer (pH 8.5), 50 mM NaCl, 10 

% glycerol and 250 mM imidazole. The eluted fractions were desalted using Amicon® Ultra-4 10K (Merck 

Millipore®) by a three cycles of desalting buffer loading (50 mM potassium phosphate buffer pH 7.5, 50 

mM NaCl, 10% glycerol) and centrifugations. Protein concentration of the purified fractions were 

measured by the Bradford method with bovine serum albumin standard (Bio-Rad®). The purified 

fractions were also analyzed by SDS-PAGEs using Invitrogen NuPAGE system. The purified enzymes were 

stored at -80°C.  

II.5 General method for large-scale purification of enzymes 

Large-scale purifications were conducted by Peggy Sirvain (LGBM, Genoscope) from a 500 mL 

culture by nickel affinity chromatography in tandem with gel filtration (Hi Load 16/600 Superdex 200pg) 

as described elsewhere (Perchat et al., 2018). The storage buffer was 50 mM phosphate pH 7.5, 50 mM 

NaCl, 10% glycerol and 1 mM DTT. Large-scale purification of CfusAmDH-F140A was conducted using 

the same protocol except for the mechanical sonication changed into a chemical lysis using Bug Buster® 

Protein Extraction Reagent. The final ratio of glycerol has also been increased to 30% due to inactivity 

and/or instability of this mutant when produced from the general protocol used for other nat-AmDHs. 

Protein concentrations were determined by the Bradford method with bovine serum albumin as the 

standard. The samples were analyzed by SDS-PAGEs using the Invitrogen NuPAGE system. The purified 

proteins were stored at −80°C.  

II.6 Enzyme production for stability experiments 

For the protein stability experiments detailed in Chapter II, III, CfusAmDH, MsmeAmDH, 

MATOUAmDH2, IGCAmDH1, IGCAmDH5, SgorAmDH, ChatAmDH and AcolAmDH were produced using 

ArcticExpress (DE3) Competent Cells (Agilent Technologies®). The transformation step was done 

according to the manufacturer’s instructions. The transformed cells were grown on Terrific Broth (TB) 
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medium containing 0.5 M sorbitol, 5 mM betaine, 100 g mL-1 carbenicillin, 20 g mL-1 Gentamycin at 30°C 

until reaching an OD600 of 0.2-0.4. IPTG was added at 0.2 mM final concentration to start the protein 

induction and the cells were further grown for 24 h at 18°C. The lysis and purification steps were carried 

out as detailed in Experimental section, II.4 whether in potassium phosphate buffer (pH 8, 100 mM) or 

ammonium formate (pH 8, 200 mM) in absence of NaCl and glycerol not to influence protein stability. 

II.7 Enzyme production protocols tested for insoluble enzymes  

The selected enzymes A0A1Q9SC61, A0A1H8XY75, A0A1I3IZQ4, A0A078BAL0, A0A078AU13, 

A0A076NBW6 could not be produced in sufficient yield and purity using the general protocol described 

in II.3 and II.4 because of their high insolubility in these conditions. Therefore, alternatives protocols were 

tested to increase their solubility.  

As described in Chapter IV, I, the usual protocol was first slightly changed with modification of the 

IPTG concentration from 0.5 mM to 0.1 and 0.2 mM.  

II.7.1 Insoluble enzyme production using ArcticExpress (DE3) competent cells 

A0A1Q9SC61, A0A1H8XY75, A0A1I3IZQ4, A0A078BAL0, A0A078AU13, A0A076NBW6 were 

produced using ArcticExpress (DE3) Competent Cells (Agilent Technologies®). The transformation step 

was done according to the manufacturer’s instructions. Following their instructions, the transformed cells 

were grown on Terrific Broth (TB) medium containing 0.5 M sorbitol, 5 mM betaine or LB medium, at 

30°C until reaching an OD600 of 0.8-1.1. IPTG was added at 0.5 mM final concentration to start the protein 

induction and the cells were further grown for 24 h at 12 °C under agitation at 150 rpm. The lysis and 

purification steps were carried out as detailed in Experimental section, II.4. Some tests were also carried 

out by removing the final desalting step during the purification. 

Another variant protocol, advised by our collaborators from Georgia Tech, was as follows: the 

transformed cells were grown on TB medium containing 0.5 M sorbitol, 5 mM betaine, 100 g mL-1 

carbenicillin, 20 g mL-1 Gentamycin at 30°C until reaching an OD600 of 0.2-0.4. IPTG was added at 0.2 mM 

final concentration to start the protein induction and the cells were further grown for 24 h at 15°C under 

agitation at 150 rpm. The lysis and purification steps were carried out as detailed in Experimental section, 

II.4. Some tests were also carried out by removing the final desalting step during the purification. 

II.7.2 Insoluble enzyme production using an autoinduction protocol 

This protocol was recommended by our collaborators from Georgia Tech and applied in attempts for 

A0A1H8XY75 production. The transformed BL21 C+ cells were grown in TB medium containing 0.5 M 

sorbitol, 5 mM betaine, 100 g mL-1 carbenicillin at 30°C and the protein induction was directly started by 
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addition of lactose 2 g L-1 and glucose 0.5 g L-1. The cells were further grown for 19 h at 30°C under 

agitation at 150 rpm. The lysis and purification steps were carried out as detailed in Experimental section, 

II.4. 

III. Spectrophotometric assays 

III.1 General method for enzymatic activities through spectrophotometric 

assays 

Enzymatic activities were determined using spectrophotometry through NAD(P)H-monitoring at 340 

nm. All the reactions were conducted from duplicate (when indicated with error bars) at room 

temperature in spectrophotometric cells (10 mm light path) in a final reaction volume of 100 μL. To a 

mixture of ammonium formate buffer (1-2 M NH4HCO2/NH4OH, pH 8.5-9), carbonyl-containing 

compound (10 mM) and 0.2 – 0.4 mM NAD(P)H) were added. The cell was placed in the 

spectrophotometer for slope recording in absence of enzyme for at least 30s and the reaction was 

initiated with addition of an appropriate amount of purified enzyme (0.02 - 0.5 mg mL-1). The initial slope  

determined the specific activity of the enzyme according to Beer–Lambert's law and the molar 

absorptivity of β-NAD(P)H (ε = 6220 M−1 cm−1) after subtraction of the slope obtained under the same 

conditions without enzyme.  

III.2 Stability assays of a panel of native amine dehydrogenases through 

specific activity measurements 

After enzyme incubation under the reported storage conditions, enzymatic activities were 

determined using spectrophotometry through NAD(P)H-monitoring at 340 nm. A reaction mixture of 

isobutyraldehyde (170) (10 mM) in ammonium formate buffer (2 M, pH 8.5) was preincubated at 40°C 

for 1 min. After addition of 0.2 mM NADH cofactor (NADPH for MATOUAmDH2), and transfer in a 

thermostated spectrophotometric cell (10 mm light path) (Vf = 100 µL). The cell was placed in the 

spectrophotometer thermostated at 40°C for slope recording in absence of enzyme for at least 30s and 

the reaction was initiated with addition of an appropriate amount of purified enzyme (0.001–0.12 

mg mL−1). The initial slope determined the specific activity of the enzyme according to Beer-Lambert's 

law and the molar absorptivity of β-NAD(P)H (ε =6,220 M−1 cm−1) after subtraction of the slope obtained 

under the same conditions without enzyme. The uncertainties are those generated out of two to three 

experiments. 
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III.3 Enzymatic activity of CfusAmDH mutants with enlarged active sites 

Enzymatic activities were determined using spectrophotometry through NAD(P)H-monitoring at 340 

nm. All the reactions were conducted from duplicate at 30°C in a spectrophotometric cell (6 mm light 

path) in a final reaction volume of 100 μL. To a mixture of ammonium formate buffer (2 M 

NH4HCO2/NH4OH, pH 8.5), carbonyl-containing compound (10 mM final concentration from a stock 

solution at 200 mM in DMSO) was added, the mixture was vortexed and incubated at 30°C for 1 min, 

then NADH or NADPH (0.2 mM) was added, the mixture was vortexed again and introduced in the pre-

heated cell. The cell was placed in the spectrophotometer thermostated at 30°C for slope recording in 

absence of enzyme for at least 30s and the reaction was initiated with addition of an appropriate amount 

of purified enzyme (0.03 - 0.25 mg mL-1). The initial slope determined the specific activity of the enzyme 

according to Beer–Lambert's law and the molar absorptivity of β-NAD(P)H (ε = 6220 M−1 cm−1) after 

subtraction of the slope obtained under the same conditions without enzyme. The uncertainties are 

those generated out of two to three experiments. 

III.4 Kinetic parameters of CfusAmDH-W145A 

Kinetic parameters of CfusAmDH-W145A for the carbonyl-containing compound, the cofactor 

and ammonia (11) were determined using spectrophotometry through NAD(P)H-monitoring at 340 nm. 

All the reactions were performed in ammonium formate buffer pH 8.5 in a final volume of 100 µL at 

30°C, in spectrophotometer cell with optical paths of 0.6 cm and the procedure was as described in 

Experimental section, III.3. Initial rates of the reaction were measured with various concentrations of 

substrate and saturated concentrations of the other substrates. Data were fitted to the Michaelis and 

Menten equation or to the equation provided in case of inhibition by excess of substrate, using Sigma 

Plot software. The uncertainties are those generated out of two to three experiments. Plots are provided 

in Appendix 40-Appendix 43. 

III.5 Thermostability of CfusAmDH and CfusAmDH-W145A 

Separate batches of an appropriate amount of enzymes were incubated at 25, 30 and 40°C for 

up to 600 h and the remaining activity was regularly measured as described in Experimental section, III.3.  

III.6 Enzymatic activity in the oxidative deamination direction 

To estimate the enzymatic activity of AmDH4 and AmDH4-I80T/P224S/E296G towards 4-AP and that 

of MicroAmDH towards a panel of small amines, spectrophotometry assays were conducted through 

NAD(P)H-monitoring at 340 nm.  
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III.6.1 Enzymatic activity of AmDH4 and AmDH4-I80T/P224S/E296G towards 4-

aminopentanoate 

Enzymatic activities were determined using spectrophotometry through NAD(P)H-monitoring at 340 

nm. The reactions were conducted in duplicate at 30°C in spectrophotometric cell (10 mm light path) in 

a final reaction volume of 100 μL. To a mixture of Tris HCl buffer (50 mM, pH 9), 4-AP (10 mM) and 0.4 

mM NAD(P)+ were added. The cell was placed in the spectrophotometer thermostated at 30°C for slope 

recording in absence of enzyme for at least 30s and the reaction was initiated with addition of an 

appropriate amount of purified enzyme (0.2 - 0.5 mg mL-1). The initial slope determined the specific 

activity of the enzyme according to Beer–Lambert's law and the molar absorptivity of β-NAD(P)H (ε = 

6220 M−1 cm−1) after subtraction of the slope obtained under the same conditions without enzyme. The 

uncertainties are those generated out of two to three experiments. 

III.6.2 Enzymatic activities of MicroAmDH towards a panel of key amine substrates 

Enzymatic activities were determined using spectrophotometry through NAD(P)H-monitoring at 340 

nm. All reactions were conducted in duplicate at 37°C in spectrophotometric cell (10 mm light path) in 

a final reaction volume of 100 μL. A mixture of Tris HCl buffer (50 mM, pH 9), amine compound (10 mM) 

was first incubated at 37°C for 1 min and supplemented with 0.4 mM NADP+. The cell was placed in the 

spectrophotometer thermostated at 37°C for slope recording in absence of enzyme for at least 30s and 

the reaction was initiated with addition of an appropriate amount of purified enzyme (0.2 - 0.4 mg mL-

1). The initial slope measured at 340 nm determined the specific activity of the enzyme according to 

Beer–Lambert's law and the molar absorptivity of β-NAD(P)H (ε = 6220 M−1 cm−1) after subtraction of 

the slope obtained under the same conditions without enzyme. The uncertainties are those generated 

out of two to three experiments. 

IV. Conversion assays  

IV.1  General method for biocatalytic reactions  

 To a reaction mixture (100 μL in 500 µL Eppendorf tubes) containing 10 mM carbonyl-containing 

substrate (generally prepared in water but in DMSO in the case of long insoluble substrates), 0.2 – 0.4 

mM NAD(P)+, 3 U mL-1 GDH-105, 1.2 eq. glucose (222) in 1 - 2 M NH4HCO2/NH4OH buffer (pH 8.5) was 

added 0.5 mU mg-1 of purified enzymes. Calibration points were prepared using various concentrations 

of the targeted amine in mixture containing 2 M NH4HCO2/NH4OH buffer (pH 8.5) and an appropriate 

volume of desalting buffer (50 mM potassium phosphate buffer pH 7.5, 50 mM NaCl, 10% glycerol). The 

reaction mixtures and the calibration points were let at 25- 30°C for 24 - 48 h under agitation at 400 
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rpm. The reaction conditions specific to each assay are described in the legend of the Figures displaying 

the corresponding results. 

IV.2 Conversion monitoring using liquid chromatography 

IV.2.1 General method using UHPLC-UV/MS 

IV.2.2 Derivatization with benzoyl chloride and UHPLC-UV/MS analytical method 

The derivatization with BzCl were carried out according to the following protocol: to 20 μL of 

reaction mixture were added 10 μL of a 1 M Na2CO3/NaHCO3 aqueous solution pH 10, 40 μL of H2O, 

and 30 μL of a 50 mM BzCl solution in CH3CN. The mixture was vortexed for 30 s and then quenched 

with addition of 20 μL of a 1 M HCl aqueous solution and 30 μL of a 1/1 solution of H2O/CH3CN. After 

filtration (0.22 μm), the mixture was analyzed by UHPLC-UV (eluent CH3CN/H2O 0,1% formic acid with a 

linear gradient 20/80 during 1 min, then 20/80 to 70/30 in 3 min (hold 2 min), then 70/30 to 20/80 in 1 

min (hold 1 min) and a re-equilibration time of 2 min; flow 0.5 mL min-1; temperature 25°C; injection 

volume 3 μL; UV detection at λ = 250 nm); MS detection: polarity +eV, cone 75V, ionization method: ESI. 

Except when indicated, only the chromatograms from UV detection were considered for the estimations 

of the conversion. 

IV.2.3 CfusAmDH, CfusAmDH-F140A and CfusAmDH-W145A tolerance to DMSO 

The conversion rates obtained for CfusAmDH, CfusAmDH-F140A and CfusAmDH-W145A towards 

heptanal (217) in presence of a range of DMSO ratios (Figure 40) were carried out according to the 

following protocol: final volume 100 µL, 10 mM substrate (prepared as solutions of 50-1000 mM in 

DMSO for a final v/v ratio of 1-20%), 2 M NH4HCO2 buffer, pH 8.5, 0.2 mM NAD(P)+, 1.2 eq. glucose, 3 U 

mL-1 GDH-105, 0.5 mg mL-1 purified enzyme, 25°C, 24 h. The temperature was set at 25°C after a 

preliminary study that displayed lower conversions at 30°C (Appendix 21). The monitoring of heptan-1-

amine (213) was performed by UHPLC-UV after derivatization with BzCl. The uncertainties are those 

generated out of two to three experiments. 

IV.2.4 Monitoring of 4-phenylbutan-2-one conversion and estimation of ees after 

derivatization with FDAA 

The conversion of 4-phenylbutan-2-one (36) and the hits obtained with prochiral ketones from 

the screening in GC-FID (Chapter II, IV.2 and Chapter II, I.4.3) were analyzed for enantiomeric excess of 

the amine formed by derivatization with 1-fluoro-2-4-dinitrophenyl-5-L-alanine amide (FDAA) in a 96-

well plate. To 20 µL of the reaction mixture were added 8 µL NaHCO3 1M (pH 8) and 20 µL FDAA 15 mM 

(dissolved in Acetone/ethanol 1:1) and the mix was let at 55°C for 2 h. The reaction was then quenched 
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by addition of 4 µL HCl 2 M. After addition of 100 µL CH3OH/H2O 1:1, the samples were filtrated (0.22 

µm) and analyzed by UHPLC-UV (eluent CH3OH/H2O 0,1% formic acid with a linear gradient 40/60 during 

1 min, then 40/60 to 85/15 in 2 min (hold 3 min), then 85/15 to 40/60 in 1 min and a re-equilibration 

time of 2 min; flow 0.3 mL min-1; temperature 25°C; injection volume 3 μL; UV detection at λ = 340 nm).  

IV.2.5 Derivatization with FDAA for monitoring of the conversion of ketones 

harboring a carbonyl function on the third carbon atom of the chain 

The conversion rates of hexan-3-one (200), heptan-3-one (234) and octan-3-amine (235) using 

MsmeAmDH, PortiAmDH, MicroAmDH, MATOUAmDH2 and their corresponding P5A and P8A mutants 

(Chapter III, I.4.5) were analyzed for enantiomeric excess of the amine formed by derivatization with 

FDAA in a 500 µL Eppendorf tubes. To 20 µL of the reaction mixture were added 8 µL NaHCO3 1M (pH 

8) and 20 µL FDAA 15 mM (dissolved in acetone/ethanol 1:1) and the mix was let at 55°C for 2 h. The 

reaction was then quenched by addition of 4 µL HCl 2 M. After addition of 30 µL CH3OH/H2O 1:1, the 

samples were filtrated (0.22 µm) and analyzed by UHPLC-UV (eluent CH3OH/H2O 0,1% formic acid with 

a linear gradient 40/60 during 1 min, then 40/60 to 85/15 in 2 min (hold 3 min), then 85/15 to 40/60 in 

1 min and a re-equilibration time of 2 min; flow 0.3 mL min-1; temperature 25°C; injection volume 3 μL; 

UV detection at λ = 340 nm).  

IV.3 Conversion monitoring using gas chromatography 

IV.3.1 Conversion monitoring using GC-FID 

CfusAmDH, MsmeAmDH, MicroAmDH, ApauAmDH, MATOUAmDH2, ChatAmDH, IGCAmDH1, 

RgnaAmDH, PortiAmDH and their corresponding P5A and P8A mutants (Chapter II, IV.2 and Chapter III, 

I.4.3) were screened for conversion of a range of carbonyl substrates as follows: to a reaction mixture 

(100 μL in 500 µL Eppendorf tubes) containing 10 mM carbonyl-containing substrate (prepared as 

solutions in DMSO at 200mM for a 5% final ratio of DMSO), 0.2 mM NAD+, 0.2mM NADP+, 3 U. mL-1 

GDH-105, 1.2 eq. glucose (222) in 2 M NH4HCO2/NH4OH buffer (pH 8.5) was added 0.5 mU mg-1 of 

purified enzymes. For each substrate, a blank mixture was prepared in the same manner but lacking the 

enzyme replaced by an appropriate volume of desalting buffer. The calibration points were prepared 

using various concentrations of the corresponding amine product (0, 3, 6 and 10 mM) in mixture 

containing 2 M NH4HCO2/NH4OH buffer (pH 8.5) and an appropriate volume of desalting buffer. The 

reaction mixtures and the calibration points were let at 25°C for 24 h under agitation at 400 rpm. The 

mixtures were extracted in EtOAc as follows: to a mix of 20µL NaOH 10 M and 80 µL of the sample was 

added 100 µL EtOAc, after 5 s vortexing, a volume of 70 µL of the organic layer was recovered (steps 

repeated twice). The combined organic layers were then analyzed by GC-FID. Samples were injected on 
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a TG-35MS AMINE (Thermo Fischer Scientific®) column (30 m; 0,25 mm; 1 μm) using the following 

parameters: injector temperature 220°C, split flow 20, split ratio 10, flame 250°C, H2 flow 30 mL min-1. 

The gradients used for each substrate are given in Table 20. 

Table 20. Gradients used for analyses in GC-FID. 

57 
85°C (hold 0.5 min); 9.73°C min-1 up to 100°C; 1°C min-1 up to 105°C; 20°C min-1 up to 200°C 

(hold 5 min) 

199 
85°C (hold 0.5 min); 10°C min-1 up to 99°C (hold 2min); 10°C min-1 up to 110°C; 20°C min-1 up 

to 200°C (hold 5 min) 

31 95°C (hold 0.5 min); 20°C min-1 up to 200°C (hold 12min) 

39 95°C (hold 0.5 min); 20°C min-1 up to 200°C (hold 5min) 

200 82°C (hold 0.5 min); 2°C min-1 up to 87°C; 30°C min-1 up to 200°C (hold 5 min) 

207 
70°C (hold 0.5 min); 9.73°C min-1 up to 80°C (hold 5 min); 10°C min-1 up to 130°C; 30°C min-1 

up to 200°C (hold 5 min) 

217 85°C (hold 0.5 min); 10°C min-1 up to 110°C; 20°C min-1 up to 200°C (hold 5 min) 

218 80°C (hold 0.5 min); 10°C min-1 up to 140°C; 20°C min-1 up to 200°C (hold 8.5 min) 

219 85°C (hold 0.5 min); 20°C min-1 up to 200°C (hold 10 min) 

220 85°C (hold 0.5 min); 20°C min-1 up to 200°C (hold 10 min); 20°C min-1 up to 220°C (hold 5 min) 

43 80°C (hold 0.5 min); 2°C min-1 up to 90°C; 30°C min-1 up to 300°C (hold 5 min) 

128 
80°C (hold 0.5 min); 9.73°C min-1 up to 90°C; 10°C min-1 up to 130°C; 30°C min-1 up to 200°C 

(hold 5 min) 

67 80°C (hold 0.5 min); 9.94°C min-1 up to 115°C (hold 2 min); 20°C min-1 up to 200°C (hold 5 min) 

135 80°C (hold 0.5 min); 10°C min-1 up to 200°C (hold 5 min) 

 

IV.3.2 Monitoring of reductive sulfidation using GC-HS-MS 

IV.3.2.1.1 Reductive sulfidation reactions 

CfusAmDH, MsmeAmDH, MicroAmDH and MATOUAmDH2 were tested for reductive sulfidation 

of cyclopentancarbaldehyde (199), cyclohexanone (45), hexanal (207) and hexan-3-one (200), 

respectively. To a reaction mixture (100 μL in 500 µL Eppendorf tubes) containing 10 mM carbonyl-

containing substrate, 0, 250 or 500 mM Na2S, 10 mM NAD(P)H in 100 mM K2HPO4/KH2PO4 buffer (pH 9) 

was added 0.5 mU mg-1 of purified enzymes. Na2S was prepared as a 4 M solution and the pH was 



 

218 

 

adjusted to 8.8-9 with addition of HCl fuming 37%. The change in Na2S molarity in the solution, generally 

up to 3-3.5 M was considered for the addition in the reactive mixture. For each substrate-enzyme couple 

and each Na2S concentration, a blank mixture was prepared in the same manner but lacking the enzyme. 

No calibration curve was prepared and the analyses were done by comparison of the response area 

between the reaction mixture and the corresponding blank reaction. The reaction mixtures and the 

calibration points were let at 30°C for 24 h under agitation at 400 rpm and then analyzed using GC-HS-

MS. 

IV.3.2.1.2 Analytical method for reductive sulfidation monitoring 

The vials were incubated for 5 min at 50°C and sampled with a syringe at 50°C. After the 

incubation time, 1 mL of the headspace gas was injected each time with a filling speed of 10 mL min-1, 

an injection speed of 10 mL min-1, and a penetration speed of 10 mm s-1. The splitless mode was applied. 

The temperatures of the injection and transfer lines were set at 150°C and 280°C. The carrier gas was 

helium at a constant flow rate 0.5 mL min-1. The GC program started at 30°C (hold time 6 min), continued 

with 15°C min-1 up to 130°C (hold time 0.5 min) and followed by 7°C min-1 up to 250°C (hold time 10 

min). For mass spectrometry (MS) analyses, the following standard working conditions were applied: 

electronic impact ionization; positive mode detection; ion source at 220°C; detector voltage, 70 eV; full 

scan mode, m/z 50−300 (scan time 0.20 s). 

IV.4  Semi-preparative scale biocatalytic synthesis 

IV.4.1 CfusAmDH-W145A tolerance to higher substrate loading 

The tolerance of CfusAmDH-W145A for higher concentrations of heptanal (217) and octan-2-

one (67) was analyzed at 10, 20, 50, 100, 150 and 200 mM at 0.5 and 1 mg mL-1 enzyme loading. To a 

reaction mixture (100 μL in 500 µL Eppendorf tubes) containing 10 - 200 mM 217 or 67 (prepared as 

different stock solutions in DMSO for a final ratio of DMSO 5%), 0.2 mM NAD+, 0.2 mM NADP+, 3 U mL-

1 GDH-105, 1.2 eq. glucose (222), in 2 M NH4HCO2/NH4OH buffer (pH 8.5) was added 0.5 - 1.0 mg mL-1 

of purified enzymes. The calibration points were prepared using various concentrations of the 

corresponding amines (0, 5, 10 and 20 mM) in mixture containing 2 M NH4HCO2/NH4OH buffer (pH 8.5) 

and an appropriate volume of desalting buffer (the volume of enzyme solution used in the reaction 

mixture). The reaction mixtures starting from 50, 100, 150 and 200 mM of substrate were diluted with 2 

M NH4HCO2/NH4OH buffer (pH 8.5) up to eq. 20 mM in case of full conversion. The amine formation 

was monitored after 24 and 48 h of agitation at 400 rpm, 25°C, by UHPLC-UV after derivatization with 

BzCl as detailed in Experimental section, IV.2.2. 
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IV.4.2 Semi-preparative scale reactions and work up using CfusAmDH-W145A 

In a 50 mL-Greiner tube equipped with a screw cap was poured 67 or 217 (2.5 mL of a 1 M stock 

solution in DMSO, final ratio of DMSO 5%, 2.5 mmol), distilled water (28.6 mL), ammonium formate pH 

8.5 (2 mL of a 10 M stock solution), glucose (222) (3 mL of a 1 M stock solution, 3 mmol), NADP+ (1 mL 

of a 10 mM, 10 µmol), NAD+ (1 mL of a 10 mM, 10 µmol), GDH-105 (1.5 mL of a 100 U mL-1 stock solution, 

150 U) and purified CfusAmDH-W145A (2.4 mL of a 10.5 mg mL-1 stock solution, 25.2 mg). The reactions 

were shaken at 25°C, 350 rpm. After 24 h, the conversions were monitored using UHPLC-UV after BzCl 

derivatization of 20 µL sample as detailed in Experimental section, IV.2.2 (Appendix 44 and Appendix 

45). The reactions were acidified with HCl fuming >37% solution to pH <2 and the products were washed 

twice with MTBE to remove the remaining 67 and 217 (2 x 15 mL). The aqueous layers were then basified 

to pH 12 with 10 M KOH solution and the products were extracted with MTBE (5 x 20 mL). The combined 

layers were then washed with 10 mL 5% weight/volume (w/v) LiCl solution to remove the remaining 

DMSO. This washing with aqueous phase also allowed the removal of the remaining ammonia (11). The 

organic layers were dried (MgSO4) and filtrated before the addition of a solution of 2 M HCl in 

diethylether (1.8 eq. of the estimated 231 and 213 produced, deduced from the analytical conversion). 

Solvent were removed by evaporation under reduced pressure to afford 231 as monohydrochloric salt 

(116 mg, 28% isolated yield, white solid) but only a brownish wet solid of 213. Ee of 98.4% was obtained 

by UHPLC-UV after FDAA derivatization of the obtained amine and commercial 231 at 0.025 – 0.05 mM 

(Appendix 44). NMR analyses were in accordance with the commercial standard. 1H NMR (600MHz) δ 

3.22 (m, 1H), 1.48 (m, 2H), 1.27-1.14 (m, 8H; d, J = 6.24 Hz, 3H), 0.74 (t, J = 6.90 Hz, 3H). 13C NMR (150 

MHz, D2O) δ 47.9, 34.0, 30.8, 28.0, 24.5, 21.9, 17.7, 13.4 (Appendix 46 and Appendix 47). 

V. In vivo directed evolutions 

The detailed protocol for each molecular biology experiments is not given for the sake of clarity and 

also because they were not all performed by myself. Only the general method is given. For Chapter III, 

II.2, describing the selection screen based on NH3 release, general methods for gene subcloning, gene 

cloning and liquid cells growth assays are given. For Chapter III, II.3, describing the selection screen 

based on NADPH release, the molecular biology steps were all carried out by Valérie Delmas and are 

therefore not detailed here. Only the general method for bioscreens assays given in Appendix 64 and 

Appendix 65, also performed by her, are detailed for the sake of clarity. 
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V.1 General method for gene subcloning  

The DNA construction containing the gene of interest was first digested using PacI-NotI restriction 

enzymes, the digested fragment was purified on QIAGEN DNA purification kit, titrated using QuBit 

protocol and device and ligated to a (PacI-NotI)-digested vector (1/5 ratio of vector/fragment ; 5-50 ng 

vector). After dialysis purification, the fragment was transformed into DH10B commercial competent 

cells (Thermo Scientific™) or in-house batches through electroporation. The transformed cells were 

spread onto LB agar plates containing the appropriate antibiotic . pSP100 and pVDM18 vectors contain 

a carbenicillin and chloramphenicol resistance cassette, respectively (Appendix 58).  The medium was 

supplemented with 80 µg mL-1 5-bromo-4-chloro-3-indolyl-beta-D-galactopyranoside (X-gal) and 1 

mM IPTG for a blue/white colony screening. Colony PCR using Dream Taq kit was done on at least eight 

positive clones to verify the length of the inserted fragment. The positive clones were then cultivated in 

antibiotic-containing LB medium before DNA extraction using Miniprep kit and sequencing. The batches 

with correct sequence were pooled before transformation of the appropriate E. coli K12 strain. 

The gene coding for AmDH5 was subcloned from pSP100 to pVDM18. oraS-oraE operons coding for OA 

were subcloned from pVDM18 to pSP100. 

V.2 General method for gene cloning 

Only the first steps differ from the subcloning protocol. A PCR is performed to amplify the gene of 

interest using forward and reverse primers containing PacI and NotI restrictions sites. oraS-oraE operons 

coding for OA was retrieved from Clostridium sticklandii genomic DNA and the gene coding for 

TtherAmDH from a construction made in pET22b(+). A DpnI digestion step was added when the gene 

was amplified from a pET22b(+) plasmidic construction. After digestion of the amplified fragment using 

PacI and NotI restriction enzyme, the protocol proceeds to the purification, titration and ligation steps 

as detailed in Experimental section, VI.1. 

V.3 General method for growth assays in liquid medium 

A general method for growth assays in liquid medium leading to the result tables indicating “++”, 

“+” and “-“ is as follows: 1-2 mL precultures were grown overnight in the indicated medium devoid of 

amine substrate. Precultures were diluted in growth medium to reach an OD600 of 0.01. The cultures were 

then incubated at the indicated temperature and 150-180 rpm for 24 - 72 h. OD600 was measured at 

regular intervals. 
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V.4 General method for bioscreen assays 

For growth curve experiments, shown in Appendix 64 and Appendix 65, a Bioscreen C (Thermo 

Scientific Labsystems) was used consisting of a thermostatic incubator and a culture growth-monitoring 

device (OD reader). Precultures in MA medium supplemented with 10 mM glycerol (247), 10 mM acetate 

(248) and 5 mM α-ketoglutarate (249), ± 5-10 mM gluconate (244), ± 10-30 mM cyclohexanone (45) 

were cultivating at 30°C for 48 h; 200 µL aliquots of the cell suspensions in growth medium (final OD600 

= 0.01) were distributed into honeycomb 100-wells plates. The plates were incubated at 30◦C under 

continuous agitation. Bacterial growth was followed by recording OD600 every 15 min for 72 h. Each 

experiment was performed in technical triplicate. The average curves are shown on Appendix 64 and 

Appendix 65. 

VI. Structural characterizations 

VI.1 Crystallization and structural resolution of CfusAmDH-W145A 

Pure CfusAmDH-W145A was concentrated to 10 mg mL-1 and complexed with either 10 mM 

NAD+ or NADP+. Protein was subjected to crystallization trials using commercially available screens in 

96-well plate format in which 300 nL drops, comprising 150 nL protein solution and 150 nL of precipitant 

solution were employed. The best NAD+ crystals were obtained using 0.1 M Tris-HCl buffer 8.5 with 0.2 

M MgCl2.6H2O, 8% (w/v) PEG 20,000 and 8% (v/v) PEG 500 MME. The best NADP+ crystals were obtained 

using 0.1 M Bis-Tris buffer pH 5.5 with 25% (w/v) PEG 3,350. These crystals were incubated with a solution 

of the mother liquor containing 10 mM 211 and incubated for 30 min prior to fishing. Crystals were 

flash-cooled from the crystallization drops in liquid nitrogen and tested for diffraction using a Rigaku 

Micromax-007HF fitted with Osmic multilayer optics and a MARRESEARCH MAR345 imaging plate 

detector. Those crystals displaying diffraction of > 3 Å resolution were retained for data collection at the 

synchrotron. Datasets for crystals of CfusAmDH-W145A in complex with NAD+ or NADP+ and 211 were 

collected on beamline I03 at the Diamond Light Source Synchrotron in Oxford, U.K. Data, which were 

collected to 1.64 and 1.50 Å respectively, were processed and integrated using XDS (Kabsch, 2010) and 

scaled using SCALA (Evans, 2011) as part of the Xia2 processing system (Winter, 2010). Data collection 

statistics are given in Appendix 48. The structures were solved with the program MOLREP (Vagin & 

Teplyakov, 1997), using a monomer of the WT CfusAmDH (PDB: 6IAU, Mayol et al., 2019) as a model. 

Each solution contained two molecules in the asymmetric unit. The structures were built and refined 

using iterative cycles within the programs COOT (Emsley & Cowtan, 2004) and REFMAC (Murshudov et 

al., 1997), respectively. Following building of the protein and water molecules in the NADP+ structure, 

clear density was observed adjacent to the nicotinamide ring of NADP+. This was successfully modelled 
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and refined as the added ligand 211. The NAD+ and NADP+ complexes were refined to Rcryst/Rfree values 

of 17.8/21.4 and 16.4/18.8% respectively. The structures were validated upon deposition within the 

Protein DataBank (PDB). Refinement statistics are presented in Appendix 48. Coordinates for the 

CfusAmDH-W145A structures in complex with NAD+ or NADP+ and 211 have been deposited in the PDB 

with the accession codes 7QZN and 7QZL, respectively.  

VI.2 Bioinformatic analyses 

VI.2.1 Protein modeling 

 The crystallographic structures used were provided by the team of Prof. Grogan from protocols 

details elsewhere (Mayol et al., 2019) or above for CfusAmDH-W145A. The homology models were either 

generated by homology as part of the ASMC pipeline using MODELLER or using SwissModel webservice 

with automatic parameters and selection of the template displaying the highest ranking score. The 

mutants were modelled from the solved RX structure or models using the Wizard mutagenesis tool on 

PyMol and rotamer selection. When indicated, some models were generated using ColabFold webservice 

using automatic parameters or took from Uniprot providing AlphaFold2 predicted structures. 

VI.2.2 Molecular dockings 

VI.2.2.1 General method for molecular dockings 

The ligand PDB files were generated using CORINA Molecular Online Tool. With AutoDockTool 

(Morris et al., 2009), the docking simulations were performed on rigid structures, with no flexibility given 

to any catalytic pocket residue. The number of Genetic Algorithm (GA) runs were fixed at 10 or 50 using 

the Lamarckian GA (4.2). The 10 or 50 ligand conformations obtained were then analyzed on PyMol 

Schrödinger LLC.  

VI.2.2.2 Molecular docking of short chiral amines 

In order to explain the ratio of R- and S- short amines shown in Chapter II, IV.1.2. (2R/S)-butan-2-

amine (182 and 193), (2R/S)-1-hydroxypropan-2-amine (197 and 196) and (2R/S)-1-hydroxybutan-2-

amine (198 and 119) were docked into CfusAmDH and MsmeAmDH crystallographic structures (PDB: 

6IAU and 6IAQ, respectively), and MicroAmDH and MATOUAmDH2 homology models obtained using 

MsmeAmDH and CfusAmDH RX structures as templates, respectively. The box was centered in the active 

site with the following size: 46, 46, 46 (AutoDock parameters). Among the 50 conformations generated, 

only the poses with the C-NH2 bond oriented away from the cofactor were listed. The analyses were 
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based on the ratio of “correct” poses of whether the (R)- or (S)-amine and on their respective binding 

energies calculated by AutoDock and given in kJ mol-1. 

VI.2.2.3 Molecular docking of pentan-1-amine to decan-1-amine into CfusAmDH, 

CfusAmDH-F140A and CfusAmDH-W145A 

To estimate the potential of mutations into Ala at P5 and P8 positions in CfusAmDH, the dockings 

of pentan-1-amine (211), hexan-1-amine (212), heptan-1-amine (213), octan-1-amine (214), nonan-1-

amine (215) and decan-1-amine (216) were performed into CfusAmDH crystallographic structure (PDB: 

6IAQ) and the corresponding structure with in silico F140A and W145A mutations. The in silico mutations 

were done using Wizard Mutagenesis PyMol tool giving only one possible conformation in the case of 

a mutation into Ala. The box was centered in the native or enlarged active sites with the following size: 

62, 62, 62 (AutoDock parameters). Among the 10 generated poses for each docking, the analyses were 

based on the number of poses inside the active site, with the amine moiety in the area of the cofactor 

C4N atom and P3, and their corresponding binding energies calculated by AutoDock and given in kJ 

mol-1. 

VI.2.2.4 Molecular docking of ethylamine and methylamine into CfusAmDH and 

CfusAmDH-L177A   

To estimate the potential of the mutation of L177 into Ala in CfusAmDH to accommodate larger 

amine substrates, ethylamine (255) and methylamine (38) were docked into the CfusAmDH model 

previously docked with cyclohexanone (45) and ammonia (11) by Karine Bastard, and the corresponding 

L177A variant. 11 was removed from this model and the in silico mutagenesis of L177 into Ala was 

performed using the Wizard Mutagenesis Tool of PyMol. The box was centered on the upper part of the 

active site, in the remaining space between the docked 45 and the active site edges, with the following 

size: 34, 34, 34 (AutoDock parameters). Among the 10 generated poses, the analyses were based on the 

orientation of the amine moiety, the conservation of their position and the binding energies calculated 

by AutoDock and given in kJ mol-1. 

VI.2.2.5 Molecular docking of (2R/S)-pentan-2-amine into MGYP000357504158,  

GUT_GENOME186969_00552 and MGYP000037226974 

To estimate the influence of the presence of another negatively charged amino acid in the pocket 

to move the fixation site of 11 and alter the typical (S)-enantioselectivity of the nat-AmDHs, both 

enantiomers of pentan-2-amine [(S)-173 and (R)-258] were docked into MGYP000357504158, 

GUT_GENOME186969_00552 and MGYP000037226974. Homology models performed using MODELLER 

during the ASMC pipeline were used for this docking. In GUT_GENOME186969_00552, M136 (P5) was 

mutated into Met using Wizard Mutagenesis tool on PyMol to artificially move its side chain aside from 
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the center of the active site. The selection of the final conformation still considered the steric clashes 

with neighbor residues, the statistical conformation adopted by Met residues and the conformation 

found in other nat-AmDHs bearing a Met residue at P5 (IGCAmDH1/2/3/4/6, AcolAmDH, etc., Appendix 

5). The box was centered into the active site with the following size: 54, 48, 64 (AutoDock parameters). 

Among the 10 generated poses, the analyses were based on the number of (R)- or (S)-amines 

accommodated in the pocket, the amine moiety orientation in the active site and their respective binding 

energies calculated by AutoDock and given in kJ mol-1. 

VI.2.3 Molecular dynamics 

VI.2.3.1.1 Molecular dynamic simulations 

MD simulations were executed using the GROMACS software (version 2021. 3) (Abraham et al., 

2015; Berendsen et al., 1995; Hess et al., 2008; Lindahl et al., 2001; Pronk et al., 2013; Van Der Spoel et 

al., 2005; Bekker et al., 1993), with CHARMM36 force field, following the GROMACS tutorial on 

protein/ligand complex (Lemkul, 2018). In order to generate MD simulations starting from fully 

equilibrated structures, we first considered every system composed of Enzyme-Cofactor-Ligand, where 

Enzyme is either CfusAmDH (WT) or mutant CfusAmDH-W145A (M), Cofactor is either NAD+ (NAD) or 

NADP+ (NADP) and eventually, Ligand is either pentan-1-amine (211, PEN) or heptan-1-amine (213, 

HEP). Each system was placed in a dodecahedron box, filled with TIP3P waters to model water solvation, 

then counter‐ions were added to reach system neutralization. The borders of the simulation box were 

cut off at 10 Å from the surface of the protein. A first step of energy minimization was carried out through 

steepest descent algorithm, to relax the eventual steric constraints. Then each system followed a two‐

step protocol equilibration, with position restraints applied to the protein, co‐factor and substrate heavy 

atoms. The first phase ran a 100 ps NVT (constant volume) simulation followed by a second 100 ps NPT 

(constant pressure) simulation to maintain pressure isotropically at 1.0 bar. All production steps were 

carried out under NPT conditions with 2 fs step size. The LINCS algorithm was used to constrain the 

lengths of hydrogen containing bonds and the waters were restrained using the SETTLE algorithm. Van 

der Waals forces were treated using a 12 Å cut‐off. Long‐range electrostatic forces were treated using 

the Particle Mesh Ewald method. A number of four independent MD simulations (with random initial 

velocities at NVT equilibration) were executed per system. Each production contains a trajectory of 100 

ns, with a snapshot saved every 100 ps, thus resulting in 1000 frames (counting the starting structure) 

per simulation. These frames were submitted to analysis and the systems were compared using the 

average of all the four simulations performed. Visualization and figures of protein structures were 

generated using PyMol Schrödinger LLC. 
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VI.2.3.1.2 Molecular dynamic outputs 

The RMSF analysis was done using the rmsf module on protein backbone in each simulation. The 

distances were calculated using the distance module between G14 (CA) and G174 (CA), H37 (CE1) and 

NA(D)P+ (C5A), D36 (CG) and NA(D)P+ (C2B) and N38 (CG) and NADP+ (P2B) and between Q141 (OE1) 

and NAD(P)+ (N7N). The interaction energies were calculated after a rerun of a 10 ns simulation and by 

extraction of the energy using the energy module for Protein-Cofactor, Protein –Ligand and Protein-

Adenosine interactions. The Adenosine moiety was defined with the following atoms: C4B; C3B; C2B; 

O4B; C1B; O2B; N9A; N9A; N7A; C4A; C5A; N3A; C2A; N1A; C6A; N6A; O3B; ± P2B; ± O1X; ± O2X; ± O3X. 

The last four atoms were only present in NADP. 
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APPENDIX 
Appendix 1. List of molecules mentioned in the manuscript. The numbering corresponds to the order of appearance 

in the text. For sake of clarity, the cofactors were drawn at the end, the amino acids were drawn only if they appeared 

as substrate or product of a reaction and the molecules mentioned only in Experimental section or in Appendix were 

omitted. The molecule numbering was not used in the text when an abbreviation was given to a molecule (DMSO, 

IPTG, etc.). 
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Appendix 2. (Chapter I, I.1.3.1) Algorithms for protein fold prediction. Extracted from Raphaël Guérois’s presentation 

at the Genoscope on 06/09 “New frontiers in structural modeling of interactomes with the advent of AlphaFold2”. 
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Appendix 3. (Chapter I, II.2.6.1) Genome mining approach of the Cloning and Screening Platform (Genoscope). 

 

Appendix 4. (Chapter I, II.2.6.2) ASMC pipeline. 
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Appendix 5. (Chapter II, II) Comparison of the P1–P21 positions of MsmeAmDH (G3) and CfusAmDH (G4) active site 

homologs from ASMC analysis (Mayol et al.,2019). All the P1 to P21 residues listed come from an alignment with 

CfusAmDH (PDB: 6IAU). The tree was generated using the webservice iTOL after alignment of the P1-P21 sequences 

with Clustal Omega. The color code used refers to the polarity and charge of the corresponding residue [blue: polar 

residues, yellow: hydrophobic residues, orange: aromatic residues, red: negatively charged residues, and green: 

positively charged residues (charges at physiological pH)]. The characterized nat-AmDHs from Mayol et al. (2016 

and 2019) and Caparco et. al. (2020) and the nat-AmDHs reported in the main text are annotated with black and 

grey stars, respectively. 
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Appendix 6. (ChapterII, II.3) Structural alignment of CfusAmDH and AmDH4 of comparison of P17 positions and 

surroundings. CfusAmDH (PDB: 6IAU, chain B) and AmDH4 (PDB: 6G1M, chain C) are colored in blue and green, 

respectively. P3 for both enzymes, Y202 (P17) of CfusAmDH and I198 (P16) and G199 (P17) of AmDH4 are shown in 

stick format. RMSD (AmDH4-CfusAmDH) = 1.897 Å. 
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Appendix 7. (Chapter II, IV.1.1) Conversions and ee results obtained with CfusAmDH, MsmeAmDH, MATOUAmDH2 

and MicroAmDH towards short chiral amines. Reaction conditions: 10 mM or 50 mM substrate, 2 M NH4HCO2 buffer 

pH 9.0, 0.2 mM NADP+, 1.1 eq. glucose (222), 3 U mL-1 GDH-105, 0.5 mg mL-1 purified nat-AmDH, 24 h, 30°C. Bars 

refer to the conversion rate and the dots to the corresponding ee (for the (S)-enantiomer if >0 and for the (R)-

enantiomer if <0). Error bars represent standard deviation of two or three independent experiments. Due to 

coelution with FDAA-derivatized co-product, the ee of (2S)-1-hydroxy-propan-2-amine (196) could not be 

calculated, but the (S)-enantiomer was the major peak. 
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Appendix 8. (Chapter II, IV.2) Enzymes and substrates annotations for GC-FID and UHPLC-UV chromatograms from 

the screening of nat-AmDHs towards a range of short aliphatic and aromatic aldehydes and ketones. The group of 

substrates named Group 2 and the mutated enzymes that are indinstinct concern the rest of the screening that is 

discussed in Chapter III, I.4. The chromatograms given in Appendix 9 to Appendix 15 correspond to the whole 

screening but the enzymes numbering and substrates annotation enable to only focus on the results discussed here. 
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Appendix 9. (Chapter II, IV.2.1.1 and Chapter III, I.4.4) GC-FID chromatograms for reaction of furfural (57) with various 

nat-AmDHs and mutants. Chromatograms of a commercial standard of furfurylamine (254) (2 mM), 57 (7.2 mM), 

and corresponding alcohol (0.8 mM), blank reaction mixture without enzyme and reaction mixture with (A) 

CfusAmDH, ApauAmDH and their mutants (B) ChatAmDH, IGCAmDH1 and their mutants (C) MATOUAmDH2, 

MicroAmDH and their mutants (D) MsmeAmDH, PortiAmDH and their mutants and (E) RgnaAmDH and its mutants 

after extraction in EtOAc. The imine formed in the extraction layer between the amine and the remaining aldehyde 

could be detected at 12.6 min. The legend above matches the color of the chromatogram with the enzyme/substrate 

couple according to Appendix 8. The legend below indicates: compound; retention time (min); area. 
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Appendix 10. (Chapter II, IV.2.1.1 and Chapter III, I.4.4) GC-FID chromatograms for reaction of 

cyclopentancarbaldehyde (199) with various nat-AmDHs and mutants. Chromatograms of a commercial standard 

of amine (3 mM), 199 (6.4 mM), and corresponding alcohol (0.6 mM), blank reaction mixture without enzyme and 

reaction mixture with (A) CfusAmDH, ApauAmDH and their mutants (B) ChatAmDH, IGCAmDH1 and their mutants 

(C) MATOUAmDH2, MicroAmDH and their mutants (D) MsmeAmDH, PortiAmDH and their mutants and (E) 

RgnaAmDH and its mutants after extraction in EtOAc. The imine formed in the extraction layer between the amine 

and the remaining aldehyde could be detected at 11.3 min. The peak at 4.3 min is yet unidentified but does not 

impact the linearity of the amine or alcohol response in the calibration curves. It is currently under further analyses. 

The legend above matches the color of the chromatogram with the enzyme/substrate couple according to Appendix 

8. The legend below indicates: compound; retention time (min); area. 
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Appendix 11. (Chapter II, IV.2.1.1 and Chapter III, I.4.4) GC-FID chromatograms for reaction of benzaldehyde (31) 

with various nat-AmDHs and mutants. Chromatograms of a commercial standard of benzylamine 74 (5 mM), 31 (4.6 

mM), and corresponding alcohol (0.4 mM), blank reaction mixture without enzyme and reaction mixture with (A) 

CfusAmDH, ApauAmDH and their mutants (B) ChatAmDH, IGCAmDH1 and their mutants (C) MATOUAmDH2 and 

mutants, MicroAmDH and MsmeAmDH (D) PortiAmDH, RgnaAmDH and their mutants. The imine formed in the 

extraction layer between the amine and the remaining aldehyde could be detected at 16.1 min. The legend above 

matches the color of the chromatogram with the enzyme/substrate couple according to Appendix 8. The legend 

below indicates: compound; retention time (min); area. 
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Appendix 12. (Chapter II, IV.2.1.1 and Chapter III, I.4.4) GC-FID chromatograms for reaction of acetophenone (39) 

with various nat-AmDHs and mutants. Chromatograms of a commercial standard of 1-phenylethylamine (14) (2 

mM), 39 (7.2 mM), and corresponding alcohol (0.8 mM), blank reaction mixture without enzyme and reaction mixture 

with (A) CfusAmDH, ApauAmDH and their mutants (B) MATOUAmDH2, MicroAmDH and their mutants (C) 

MsmeAmDH, PortiAmDH and their mutants. The legend above matches the color of the chromatogram with the 

enzyme/substrate couple according to Appendix 8. The legend below indicates: compound; retention time (min); 

area. 
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Appendix 13. (Chapter II, IV.2.1.1 and Chapter III, I.4.4) GC-FID chromatograms for reaction of hexan-3-one (200) 

with various nat-AmDHs and mutants. Chromatograms of a commercial standard of hexan-3-amine (238) (3 mM), 

200 (6.4 mM), and corresponding alcohol (0.6 mM), blank reaction mixture without enzyme and reaction mixture 

with (A) CfusAmDH, ApauAmDH and their mutants (B) ChatAmDH, IGCAmDH1 and their mutants (C) 

MATOUAmDH2, MicroAmDH and their mutants (D) MsmeAmDH, PortiAmDH and their mutants and (E) RgnaAmDH 

and its mutants after extraction in EtOAc. The legend above matches the color of the chromatogram with the 

enzyme/substrate couple according to Appendix 8. The legend below indicates: compound; retention time (min); 

area. 
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Appendix 14. (Chapter II, IV.2.1.1 and Chapter III, I.4.4) UHPLC-UV chromatograms for reaction of acetophenone (39) 

with various nat-AmDHs and mutants. UHPLC-UV chromatograms (340 nm) of a commercial standard of racemic 

amine (0.1 mM) and reaction mixture with CfusAmDH-W145A, MicroAmDH, MsmeAmDH, PortiAmDH and 

PortiAmDH-W140A after derivatization with FDAA. The legend above matches the color of the chromatogram with 

the enzyme/substrate couple according to Appendix 8. The legend below indicates: compound; retention time (min); 

area. 
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Appendix 15. (Chapter II IV.2.1.1 and Chapter III, I.4.4) UHPLC-UV chromatograms for reaction of hexan-3-one (200) 

with various nat-AmDHs. UHPLC-UV chromatograms (340 nm) of standard expected racemic amine (238) (0.1 mM) 

and reaction mixture with (A) CfusAmDH, MATOUAmDH2 and mutants and (B) MsmeAmDH, MicroAmDH, 

MicroAmDH-W141A and PortiAmDH and mutants after derivatization with FDAA. The legend above matches the 

color of the chromatogram with the enzyme/substrate couple according to Appendix 8. The legend below indicates: 

compound; retention time (min); area. 
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Appendix 16. (Chapter II, IV.2.1.2 and Chapter III, I.4.4) Results in alcohol formation for the screening of nat-AmDHs WT (described in Chapter II, IV.2.1.2) and mutants (described 

in Chapter III, I.4.4) towards furfural (57), cyclopentancarbaldehyde (199), benzaldehyde (31), acetophenone (39) and hexan-3-one (200). The cells highlighted in shades of green 

give the analytical conversion (%) in the corresponding alcohol. n.t.: not tested; n.d.: not detected. 

WT M161A W166A WT M139A W144A WT Y150A W155A WT Y136A W141A WT F143A C148A WT F140A W145A WT Y136A W141A WT H135A W140A WT F136A W141A

57 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.

199 <1 2.8 1.5 <1 4.9 1.0 n.d. n.d. 5.8 <1 4.5 6.6 n.d. n.d. n.d. n.d. n.d. 1.7 n.d. 6.1 9.3 n.d. n.d. n.d. n.d. n.d. <1

31 1.2 2.4 2.9 <1 2.4 2.9 <1 <1 3.3 <1 <1 2.7 <1 3.1 <1 <1 <1 <1 <1 n.t. n.t. <1 <1 <1 1.1 n.t. n.t.

39 n.t. n.t. n.t. n.t. n.t. n.t. n.t. n.t. n.t. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.

200 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 1.2 n.d. n.d. n.d. n.d. n.d.

Msme AmDH Porti AmDH Micro AmDHChat AmDH IGCAmDH1 Rgna AmDH Apau AmDH MATOUAmDH2 Cfus AmDH
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Appendix 17. (Chapter II, V) GC-HS-MS chromatograms of (A) cyclopentancarbaldehyde (199) (15.01 min), (B) 

cyclopentylmethanethiol (205) (17.12 min), (C) cyclopentylmethanol (206) (16.32 min) of reaction with CfusAmDH 

in presence of 500 mM Na2S. 
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Appendix 18. (Chapter II, V) GC-HS-MS chromatograms of (A) hexanal (207) (14.04 min), (B) hexane-1-thiol (208) 

(16.10 min), (C) hexane-1-ol (209) (15.43 min) of reaction with MATOUAmDH2 in presence of 250 mM Na2S. 
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Appendix 19. (Chapter II, V) Thiol and alcohol formation from cyclohexanone (45) in presence of Na2S and 

MsmeAmDH. Area resulted from the transformation of 45 in presence or absence of MsmeAmDH and 0, 250 and 

500 mM Na2S. (A) cyclohexanethiol formed, (B) cyclohexanol formed and (C) remaining aldehyde. The reaction 

conditions were as follows: final volume 100 µL, 10 mM 45, 0-500 mM Na2S, 100 mM potassium phosphate buffer 

pH 9, 5 mM NADPH, 5 mM NADH, 0.5 mg mL-1 purified MsmeAmDH, 30°C, 24 h. 
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Appendix 20. (Chapter II, V) GC-HS-MS chromatograms of (A) 45 (16.36 min), (B) cyclohexanethiol (16.89 min), (C) 

cyclohexanol (15.97 min) of reaction with MsmeAmDH in presence of 500 mM Na2S. 
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Appendix 21. (Chapter III, I.3) Effect of DMSO and temperature on conversion rates towards heptanal (217). 

Conversion rate obtained with CfusAmDH-W145A towards 217 at 25°C and 30°C with or without 1% DMSO for 

substrate solubilization. 

 

 

Appendix 22. (Chapter II, IV.2) Enzymes and substrates annotations for GC-FID and UHPLC-UV chromatograms from 

the screening of nat-AmDHs and mutants towards a range of carbonyl-containing compouds. The group of 

substrates named Group 1 that is indinstinct concern the rest of the screening discussed in Chapter II, IV.2. The 

chromatograms given in Appendix 9 to Appendix 15 correspond to the whole screening but the enzymes numbering 

and substrates annotation enable to focus on the results discussed here. 
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Appendix 23. (Chapter III, I.4.2) Calibration curves from the screening with (A) hexanal (207), (B) heptanal (217), (C) 

furfural (57), (D) octanal (218), (E) nonanal (219) and (F) decanal (220). For the first three substrates (A), (B) and (C), 

two curves are given one considering solely the amine peak (orange) and the other one with addition of the area of 

the peaks of amine and imine (blue). For the last three compounds (D), (E) and (F), the imine peak was not detected 

and the curves obtained considering solely the amine peak were defined following polynomial models. 
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Appendix 24. (Chapter III, I.4.3) Results in amine formation for the screening of nat-AmDHs WT and mutants towards hexanal (207), heptanal (217), octanal (218), nonanal (219), 

decanal (220), hexan-2-one (43), heptan-2-one (128), octan-2-one (67), nonan-2-one (135) and 4-phenylbutan-2-one (36). The cells highlighted in shades of green gives the 

analytical conversion (%) obtained for the synthesis of the corresponding amines and the cells colored in shades of yellow gives the corresponding ee in the case of the formation 

of chiral amine (%). If not indicated, the ee is given for the (S)-amine. conv.: analytical conversion ; n.d.: not detected; n.t.: not tested 

 

  

WT M161A W166A WT M139A W144A WT Y150A W155A WT F143A C148A WT F140A W145A WT Y136A W141A WT H135A W140A WT F136A W141A WT Y136A W141A

207 conv. (%) 4.6 <1 31.6 2.4 1.7 29.7 12.5 95.2 85.6 72.7 6.9 79.2 39.9 9.1 99.5 5.3 11.3 59.6 60.8 15.1 60.0 65.1 <1 2.0 54.9 <1 3.0

217 conv. (%) <1 <1 34.6 <1 <1 26.9 <1 35.6 36.6 26.9 21.4 32.5 2.3 15.3 40.4 <1 23.2 34.4 7.9 3.3 23.8 18.1 <1 <1 6.0 <1 2.0

218 conv. (%) n.d. n.d. 31.9 n.d. n.d. 32.3 n.d. 40.0 39.1 13.8 37.3 21.5 n.d. 33.2 38.8 n.d. 31.6 34.9 n.d. 3.3 25.0 3.1 n.d. 5.2 n.d. n.d. 6.5

219 conv. (%) n.d. <1 26.8 n.d. n.d. 26.2 n.d. 44.6 33.1 20.5 35.8 21.5 n.d. 40.2 35.3 n.d. 34.2 28.2 n.d. 1.8 22.0 n.d. n.d. 6.7 n.d. n.d. <1

220 conv. (%) n.d. n.d. 1.1 n.d. <1 n.d. n.d. 11.5 n.d. n.d. 8.9 n.d. n.d. 8.8 4.1 <1 7.8 <1 n.d. <1 <1 n.d. n.d. 1.1 n.d. n.d. <1

conv. (%) n.d. n.d. n.d. n.d. n.d. n.d. <1 <1 <1 2.0 2.9 3.0 3.1 10.6 39.7 n.d. <1 4.0 26.5 2.0 18.2 22.6 <1 1.2 8.4 n.d. <1

ee  (%) 77.5 89.1 91.8 94.7 99.5 99.3 99.2 79.4 90.2 99.5 94.6 >99.9 98.8

conv. (%) <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 6.2 <1 <1 11.0 53.7 <1 <1 18.5 4.2 2.6 26.6 1.5 <1 <1 <1 <1 4.6

ee  (%) 95.2 57.9 99.3 99.7 99.3 33.0 96.7 99.6 >99.9

conv. (%) n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 4.6 3.8 n.d. 9.8 40.3 n.d. n.d. 9.7 3.4 2.4 19.9 n.d. n.d. 3.2 n.d. n.d. 6.7

ee  (%) 95.1 >99.9 98.5 99.5 99.2 49.3 (R ) 92.8 99.0 >99.9 >99.9

conv. (%) <1 1.0 1.3 2.8 1.3 1.7 <1 3.5 <1 <1 2.5 1.3 <1 11.4 16.0 <1 2.9 4.6 <1 1.8 13.0 <1 <1 2.5 <1 <1 3.2

ee  (%) >99.9 >99.9 >99.9 >99.9 >99.9 >99.9 >99.9 >99.9 >99.9 >99.9

conv. (%) n.t. n.t. n.t. n.t. n.t. n.t. n.t. n.t. n.t. <1 1.2 <1 <1 17.1 52.5 <1 5.8 22.2 2.4 <1 23.5 <1 <1 28.1 <1 <1 34.1

ee  (%) 95.2 >99.9 99.6 >99.9 99.2 49.6 (R ) 84.7 99.6 95.5 99.9

36

128

67

135

Cfus AmDH Apau AmDH Porti AmDH Micro AmDH Msme AmDH

43

Chat AmDH IGCAmDH1 Rgna AmDH MATOUAmDH2
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Appendix 25. (Chapter III, I.4.3) Results in alcohol formation for the screening of nat-AmDHs WT and mutants towards hexanal (207), heptanal (217), octanal (218), nonanal (219), 

decanal (220), hexan-2-one (43), heptan-2-one (128), octan-2-one (67), nonan-2-one (135) and 4-phenylbutan-2-one (36). The cells highlighted in shades of green give the 

conversion rate (%) in corresponding alcohol. n.d.: not detected; n.t.: not tested 

WT M161A W166A WT M139A W144A WT Y150A W155A WT F143A C148A WT F140A W145A WT Y136A W141A WT H135A W140A WT F136A W141A WT Y136A W141A

207 n.d. <1 <1 n.d. <1 1.8 <1 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. <1 n.d. n.d. n.d. <1 n.d. n.d. n.d.

217 n.d. <1 n.d. n.d. <1 <1 <1 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. <1 <1 n.d. n.d. <1 <1 n.d. n.d. n.d.

218 <1 2.2 <1 <1 2.1 4.0 3.2 <1 <1 <1 n.d. 1.2 <1 n.d. n.d. <1 n.d. <1 3.4 2.6 2.2 <1 2.3 2.8 <1 1.1 1.4

219 <1 <1 <1 <1 <1 1.3 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1

220 n.d. <1 <1 n.d. <1 1.1 n.d. 1.7 n.d. n.d. <1 n.d. n.d. 1.1 n.d. n.d. <1 <1 n.d. <1 <1 n.d. <1 <1 n.d. n.d. n.d.

43 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.

128 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. <1 n.d. n.d. n.d. <1 n.d. <1 n.d. n.d. n.d. n.d. n.d. n.d.

67 n.d. n.d. <1 n.d. <1 n.d. n.d. n.d. <1 n.d. n.d. n.d. n.d. n.d. <1 n.d. n.d. <1 <1 n.d. <1 n.d. n.d. n.d. <1 n.d. n.d.

135 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.

36 n.t. n.t. n.t. n.t. n.t. n.t. n.t. n.t. n.t. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.

Micro AmDH Msme AmDHIGCAmDH1 Rgna AmDH MATOUAmDH2 Cfus AmDH Apau AmDH Porti AmDHChatAmDH
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Appendix 26. (Chapter III, I.4.3) GC-FID chromatograms for reaction of hexanal (207) with various nat-AmDHs and 

mutants. Chromatograms of a commercial standard of hexan-1-amine (212) (3 mM), 207 (6.4 mM), and hexan-1-ol 

(209) (0.6 mM), blank reaction mixture without enzyme and reaction mixture with (A) CfusAmDH, ApauAmDH and 

their mutants (B) ChatAmDH, IGCAmDH1 and their mutants (C) MATOUAmDH2, MicroAmDH and their mutants (D) 

MsmeAmDH, PortiAmDH and their mutants and (E) RgnaAmDH and its mutants after extraction in EtOAc. The imine 

formed in the extraction layer between the amine and the remaining aldehyde could be detected at 13.9 min. The 

legend above matches the color of the chromatogram with the enzyme/substrate couple according to Appendix 22. 

The legend below indicates: compound; retention time (min); area. 
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Appendix 27. (Chapter III, I.4.3) GC-FID chromatograms for reaction of heptanal (217) with various nat-AmDHs and 

mutants. Chromatograms of a commercial standard of heptan-1-amine (213) (3 mM), 217 (6.4 mM), corresponding 

alcohol (0.6 mM), blank reaction mixture without enzyme and reaction mixture with (A) CfusAmDH, ApauAmDH and 

their mutants (B) ChatAmDH, IGCAmDH1 and their mutants (C) MATOUAmDH2, MicroAmDH and their mutants (D) 

MsmeAmDH, PortiAmDH and their mutants and (E) RgnaAmDH and its mutants after extraction in EtOAc. The imine 

formed in the extraction layer between the amine and the remaining aldehyde could be detected at 12.5 min. The 

legend above matches the color of the chromatogram with the enzyme/substrate couple according to Appendix 22. 

The legend below indicates: compound; retention time (min); area. 
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Appendix 28. (Chapter III, I.4.3) GC-FID chromatograms for reaction of octanal (218) with various nat-AmDHs and 

mutants. Chromatograms of a commercial standard of octan-1-amine (214) (3 mM), 218 (6.4 mM), corresponding 

alcohol (0.6 mM), blank reaction mixture without enzyme and reaction mixture with (A) CfusAmDH, ApauAmDH and 

their mutants (B) ChatAmDH, IGCAmDH1 and their mutants (C) MATOUAmDH2, MicroAmDH and their mutants (D) 

MsmeAmDH, PortiAmDH and their mutants and (E) RgnaAmDH and its mutants after extraction in EtOAc. The legend 

above matches the color of the chromatogram with the enzyme/substrate couple according to Appendix 22. The 

legend below indicates: compound; retention time (min); area. 
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Appendix 29. (Chapter III, I.4.3) GC-FID chromatograms for reaction of nonanal (219) with various nat-AmDHs and 

mutants. Chromatograms of a commercial standard of nonan-1-amine (215) (3 mM), 219 (6.3 mM), corresponding 

alcohol (0.7 mM), blank reaction mixture without enzyme and reaction mixture with (A) CfusAmDH, ApauAmDH and 

their mutants (B) ChatAmDH, IGCAmDH1 and their mutants (C) MATOUAmDH2, MicroAmDH and their mutants (D) 

MsmeAmDH, PortiAmDH and their mutants and (E) RgnaAmDH and its mutants after extraction in EtOAc. The legend 

above matches the color of the chromatogram with the enzyme/substrate couple according to Appendix 22. The 

legend below indicates: compound; retention time (min); area. 
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Appendix 30. (Chapter III, I.4.3) GC-FID chromatograms for reaction of decanal (220) with various nat-AmDHs and 

mutants. Chromatograms of a commercial standard of decan-1-amine (216) (2 mM), corresponding alcohol (0.6 

mM), blank reaction mixture without enzyme and reaction mixture with (A) CfusAmDH, ApauAmDH and their 

mutants (B) ChatAmDH, IGCAmDH1 and their mutants (C) MATOUAmDH2, MicroAmDH and their mutants (D) 

MsmeAmDH, PortiAmDH and their mutants and (E) RgnaAmDH and its mutants after extraction in EtOAc. The legend 

above matches the color of the chromatogram with the enzyme/substrate couple according to Appendix 22. The 

legend below indicates: compound; retention time (min); area. 
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Appendix 31. (Chapter III, I.4.3) GC-FID chromatograms for reaction of hexan-2-one (43 with various nat-AmDHs 

and mutants. Chromatograms of a commercial standard of amine (229) (3 mM), 43 (6.4 mM), the corresponding 

alcohol (0.6 mM), blank reaction mixture without enzyme and reaction mixture with (A) CfusAmDH, ApauAmDH and 

their mutants (B) ChatAmDH, IGCAmDH1 and their mutants (C) MATOUAmDH2, MicroAmDH and their mutants (D) 

MsmeAmDH, PortiAmDH and their mutants and (E) RgnaAmDH and its mutants after extraction in EtOAc. The legend 

above matches the color of the chromatogram with the enzyme/substrate couple according to Appendix 22. The 

legend below indicates: compound; retention time (min); area. 
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Appendix 32. (Chapter III, I.4.3) GC-FID chromatograms for reaction of heptan-2-one (128) with various nat-AmDHs 

and mutants. Chromatograms of a commercial standard of heptan-2-amine 230 (3 mM), 128 (6.4 mM), the 

corresponding alcohol (0.6 mM), blank reaction mixture without enzyme and reaction mixture with (A) CfusAmDH, 

ApauAmDH and their mutants (B) ChatAmDH, IGCAmDH1 and their mutants (C) MATOUAmDH2, MicroAmDH and 

their mutants (D) MsmeAmDH, PortiAmDH and their mutants and (E) RgnaAmDH and its mutants after extraction in 

EtOAc. The legend above matches the color of the chromatogram with the enzyme/substrate couple according to 

Appendix 22. The legend below indicates: compound; retention time (min); area. 
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Appendix 33. (Chapter III, I.4.3) GC-FID chromatograms for reaction of octan-2-one (67) with various nat-AmDHs 

and mutants. Chromatograms of a commercial standard of octan-2-amine 231 (3mM), 67 (6.4 mM), the 

corresponding alcohol (0.6 mM), blank reaction mixture without enzyme and reaction mixture with (A) CfusAmDH, 

ApauAmDH and their mutants (B) ChatAmDH, IGCAmDH1 and their mutants (C) MATOUAmDH2, MicroAmDH and 

their mutants (D) MsmeAmDH, PortiAmDH and their mutants and (E) RgnaAmDH and its mutants after extraction in 

EtOAc. The legend above matches the color of the chromatogram with the enzyme/substrate couple according to 

Appendix 22. The legend below indicates: compound; retention time (min); area. Due to co-elution, the area was 

estimated by measuring the right half of the peak corresponding to 231 from the edge to the end and multiply it 

by two. 
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Appendix 34. (Chapter III, I.4.3) GC-FID chromatograms for reaction of nonan-2-one (135) with various nat-AmDHs 

and mutants. Chromatograms of a commercial standard of nonan-2-amine 187 (3 mM), 135 (6.4 mM), the 

corresponding alcohol (0.6 mM), blank reaction mixture without enzyme and reaction mixture with (A) CfusAmDH, 

ApauAmDH and their mutants (B) ChatAmDH, IGCAmDH1 and their mutants (C) MATOUAmDH2, MicroAmDH and 

their mutants (D) MsmeAmDH, PortiAmDH and their mutants and (E) RgnaAmDH and its mutants after extraction in 

EtOAc. The legend above matches the color of the chromatogram with the enzyme/substrate couple according to 

Appendix 22. The legend below indicates: compound; retention time (min); area. 
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Appendix 35. (Chapter III, I.4.3) UHPLC-UV chromatograms for reaction of 4-phenylbutan-2-one (39) with various 

nat-AmDHs and mutants for conversion and ee estimation. UHPLC-UV chromatograms (340 nm) of a commercial 

standard of racemic amine (3 mM), blank reaction mixture without enzyme and reaction mixture with (A) CfusAmDH, 

ApauAmDH and their mutants (B) MATOUAmDH2, MicroAmDH and their mutants (C) MsmeAmDH, PortiAmDH and 

their mutants after derivatization with FDAA. The legend above matches the color of the chromatogram with the 

enzyme/substrate couple according to Appendix 22. The legend below indicates: compound; retention time (min); 

area. 
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Appendix 36. (Chapter III, I.4.3) UHPLC-UV chromatograms for reaction of hexan-2-one (43) with various nat-AmDHs 

and mutants for ee estimation. UHPLC-UV chromatograms (340 nm) of a commercial standard of racemic amine 

(0.1 mM) and reaction mixture with (A) CfusAmDH and mutants, ApauAmDH-W141A and MATOUAmDH2 and 

mutants, (B) MicroAmDH, MicroAmDH-W141A, MsmeAmDH, PortiAmDH and mutants after derivatization with 

FDAA. The legend above matches the color of the chromatogram with the enzyme/substrate couple according to 

Appendix 22. The legend below indicates: compound; retention time (min); area. 
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Appendix 37. (Chapter III, I.4.3) UHPLC-UV chromatograms for reaction of heptan-2-one (128) with various nat-

AmDHs and mutants for ee estimation. UHPLC-UV chromatograms (340 nm) of a commercial standard of racemic 

amine (0.1 mM) and reaction mixture with (A) CfusAmDH and mutants, ApauAmDH-W141A and MATOUAmDH2-

F143A, (B) MsmeAmDH-W141A, PortiAmDH and mutants after derivatization with FDAA. The legend above matches 

the color of the chromatogram with the enzyme/substrate couple according to Appendix 22. The legend below 

indicates: compound; retention time (min); area. 
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Appendix 38. (Chapter III, I.4.3) UHPLC-UV chromatograms for reaction of octan-2-one (67) with various nat-AmDHs 

and mutants for ee estimation. UHPLC-UV chromatograms (340 nm) of a commercial standard of racemic amine 

(0.1 mM) and reaction mixture with (A) CfusAmDH-F140A, CfusAmDH-W145A, ApauAmDH-W141A, 

MATOUAmDH2-F143A, MATOUAmDH2-C148A and MicroAmDH-W141A and (B) MsmeAmDH-W141A, PortiAmDH 

and mutants after derivatization with FDAA. The legend above matches the color of the chromatogram with the 

enzyme/substrate couple according to Appendix 22. The legend below indicates: compound; retention time (min); 

area. 
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Appendix 39. (Chapter III, I.4.3) UHPLC-UV chromatograms for reaction of nonan-2-one (135) with various nat-

AmDHs and mutants for ee estimation. UHPLC-UV chromatograms (340 nm) of a commercial standard of racemic 

amine (0.1 mM) and reaction mixture with (A) CfusAmDH-F140A, CfusAmDH-W145A, ApauAmDH-W141A, 

MATOUAmDH2-F143A, MATOUAmDH2-C148A and MicroAmDH-W141A and (B) MsmeAmDH-W141A, PortiAmDH 

and mutants after derivatization with FDAA. The legend above matches the color of the chromatogram with the 

enzyme/substrate couple according to Appendix 22. The legend below indicates: compound; retention time (min); 

area. 
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Appendix 40. (Chapter III, I.4.6.1) Michaelis-Menten plots for the determination of CfusAmDH-W145A kinetic 

parameters in the system 217/NADPH/NH3. Error bars represent the standard deviation of two to three independent 

experiments. Saturating conditions: 217 2 mM, NADPH 0.6 mM and ammonia (11) 2 M. The uncertainties are those 

generated out of two to three experiments. 

 

Appendix 41. (Chapter III, I.4.6.1) Michaelis-Menten plots for the determination of CfusAmDH-W145A kinetic 

parameters in the system 217/NADH/NH3. Error bars represent the standard deviation of two to three independent 

experiments. Saturating conditions: 217 10 mM, NADH 0.6 mM and ammonia (11) 2 M. The uncertainties are those 

generated out of two to three experiments. 
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Appendix 42. (Chapter III, I.4.6.1) Michaelis-Menten plots for the determination of CfusAmDH-W145A kinetic 

parameters in the system 175/NADPH/NH3. Error bars represent the standard deviation of two to three independent 

experiments. For NH3 kinetic parameters, the curve could not fit an equation of inhibition by excess of substrate, 

therefore only the first plots have been used, indicated in a red frame, to find a correct fitting and determine an 

apparent KM without taking the inhibition into account. Saturating conditions: 175 30 mM, NADPH 0.6 mM and 

ammonia (11) 1 M. The uncertainties are those generated out of two to three experiments. 
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Appendix 43. (Chapter III, I.4.6.1) Michaelis-Menten plots for the determination of CfusAmDH-W145A kinetic 

parameters in the system 175/NADH/NH3. Error bars represent the standard deviation of two to three independent 

experiments. For NH3 and 175 kinetic parameters, the curves could not fit an equation of inhibition by excess of 

substrate, therefore only the first plots, indicated in red frames, have been used to find a correct fitting and 

determine an apparent KM without taking the inhibition into account. Saturating conditions: 175 30 mM, NADH 0.6 

mM and ammonia (11) 1 M. The uncertainties are those generated out of two to three experiments. 
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Appendix 44. (Chapter III, I.4.6.4) UHPLC-UV chromatograms chromatograms of (2S)-octan-2-amine (231) recovered 

from the semi-preparative scale reaction with CfusAmDH-W145A. (A) UHPLC-UV chromatograms of standard 

expected amine 231 (5 mM) in blue and reaction mixture in black after derivatization with BzCl. (B) UHPLC-UV 

chromatograms (340 nm) of reaction mixture after derivatization with FDAA. The labelling corresponds to the 

retention time (min) and peak area. 

 

Appendix 45. (Chapter III, I.4.6.4) UHPLC-UV chromatograms of heptan-1-amine (213) recovered from the semi-

preparative scale reaction with CfusAmDH-W145A. UHPLC-UV chromatograms of standard expected amine (10 mM) 

in blue and reaction mixture in black after derivatization with BzCl. The labelling corresponds to the retention time 

(min) and peak area. 
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Appendix 46. (Chapter III, I.4.6.4) 1H NMR spectrum of 231 recovered from the preparative scale reaction with 

CfusAmDH-W145A. (A) 1H NMR spectrum of synthesized 231 as monohydrochloride salt in D2O. (B) Comparison of 
1H NMR spectra of commercial 231 as monohydrochloride salt and synthesized 231 as monohydrochloride salt in 

D2O. 1H NMR (600MHz) δ 3.22 (m, 1H), 1.48 (m, 2H), 1.27-1.14 (m, 8H; d, J = 6.24 Hz, 3H), 0.74 (t, J = 6.90 Hz, 3H). 
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Appendix 47. (Chapter III, I.4.6.4) 13C NMR spectrum of 231 recovered from the preparative scale reaction with 

CfusAmDH-W145A. (A) 13C NMR spectrum of synthesized 231 as monohydrochloride salt in D2O. (B) Comparison 

of 13C NMR spectra of commercial 231 as monohydrochloride salt and synthesized 231 as monohydrochloride salt 

in D2O. 13C NMR (150 MHz, D2O) δ 47.9, 34.0, 30.8, 28.0, 24.5, 21.9, 17.7, 13.4. 
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Appendix 48. (Chapter III, Erreur ! Source du renvoi introuvable.) Data Collection and Refinement Statistics for 

CfusAmDH-W145A in complex with NAD+ and NADP+ with pentan-1-amine (211). Numbers in brackets refer to 

data for highest resolution shells. 

 

CfusAmDH-W145A with NAD+ 
CfusAmDH-W145A with NADP+ and 

211 

Beamline Diamond I03 Diamond I03 

Wavelength (Å) 0.976261 0.976284 

Resolution (Å) 48.05-1.64 (1.67-1.64) 47.36-1.50 (1.53-1.50) 

Space Group P212121 C2221 

Unit cell (Å) a = 51.02; b = 86.23; c = 142.94 

α = β = γ = 90.00° 

a = 56.69; b = 84.31; c = 284.13. 

α = β = γ = 90.00° No. of molecules in asu 2 2 

Unique reflections 78152 (3786) 109306 (5350) 

Completeness (%) 100.0 (100.0) 100.0 (100.0) 

Rmerge (%) 0.07 (1.30) 0.08 (0.96) 

Rp.i.m. 0.03 (0.54) 0.04 (0.40) 

Multiplicity 11.8 (12.8) 12.2 (13.0) 

<I/(I)> 19.1 (2.0) 17.1 (3.1) 

Overall B factor from Wilson plot (Å2) 22 17 

CC1/2 1.00 (0.73) 1.00 (0.90) 

Rcryst/ Rfree (%) 17.8/21.4 16.4/18.8 

r.m.s.d 1-2 bonds (Å)  0.011 0.012 

r.m.s.d 1-3 angles (o) 1.71 1.74 

Avge main chain B (Å2) 27 20 

Avge side chain B (Å2) 30 23 

Avge water B (Å2) 38 31 

Avge cofactor B (Å2) 42 15 

Avge Ligand B (Å2) - 30 
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Appendix 49. (Chapter III, I.4.7.2.1) Open-to-closed event observed in CfusAmDH-W145A MD simulations. (A) 3D 

representation at 180° of CfusAmDH monomer in complex with NADP+ and 211 (M_NADP_PEN_1). Superimposition 

of three discrete conformations along the trajectory: the closed one in dark green at 0 ns, the medium “relaxed” 

conformation in light green at 19.2 ns and the fully open monomer in yellow at 21.5 ns. The spine helix F140-G154 

discussed in this work is highlighted in purple, dark pink and light pink, respectively. (B) Close-view on opening 

loops of M_NADP_PEN_1. The translation motion is highlighted by residues G14, Y173, and G174 shown as sticks. 

Distance G14-G174 and Y173 with itself in the three frames are given in Å.  
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Appendix 50. (Chapter III, I.4.7.2.3) 3D representation of F140-G154 spine helix in CfusAmDH (PDB: 6IAU). The 

residues of the spine helix are highlighted in purple and the one discussed in this part (F140, F144, W145, L148 and 

L150) in pink. NADP+ and cylochexanone (45) ligands are represented in grey and yellow, respectively. 
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Appendix 51. (Chapter III, I.4.7.2.3) Distance between Q141 and cofactor along the time of the simulation. (A) 

Distance between Q141 (OE1) and NAD(P)+ (N7N) over the course of the four independent simulations in green, 

blue, yellow and orange. The stars indicate the conformational switch of Q141 in M systems as shown in Figure 54. 

Distances are given in Å and time in ns. (B) Estimated time between the loss of the interaction between Q141 and 

the NAD(P)+ and the conformational switch of Q141. The time between the hydrogen bond breakage and the 

conformational switch of Q141 can vary from an almost immediate event, such as 0.1 ns in M_NAD_PEN, to longer 

time frames such as 89.3 ns in the simulation with M_NADP_PEN_4, which is mainly due to steric hindrance brought 

about by HEP or PEN ligand. * Arbitrarily set at 100 ns but the conformational switch never took place in this 

simulation. n.d. not determined. 

 



 

326 

 

Appendix 52. (Chapter III, I.4.7.2.4) Distance between the adenosine moiety of the cofactor and its binding site. 

Distance between (A) H37 (CE1) and NA(D)P (Adenine-C5A) (B) D36 (CG) and NA(D)P+ (ribose-C2B) and (C) N38 

(CG) and NADP+ (PO3-P2B). Distances are given in Å and time in ns. 

 

Appendix 53. (Chapter III, I.4.7.2.4) 3D representation of the adenosine binding site of NADP and residues implied 

in its mobility. The three main residues at t=0 ns are shown in yellow while the other residue that can interact with 

one part of the adenosine during the simulation are shown in grey. 
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Appendix 54. (Chapter III, I.4.7.2.4) Close-view of NADP adenosine interactions with protein residues along the 

simulation (WT_NADP_HEP_1). NADP and HEP ligands are shown in orange and green, respectively. Distances are 

given in Å. 
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Appendix 55. (Chapter III, II.1) GM3 culture vessels during the culture phase and the whashing/rinse phase. 

 

 

Appendix 56. (Chapter III, II.1) Principle of cultivation in (A) chemostat regime, (B) turbidostat regime and (C) medium 

swap regime. B = bin; R = relaxing medium; S = stressing medium. Adapted from Mayol, 2019. 
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Appendix 57. (Chapter III, II.2 and II.3) E. coli strains and constructions used for the in vivo evolution of nat-

AmDH/RedAm activity. 

 

Strain Genotype Insertion 

G4480 
E. coli K12  

C> Δ puuE ::FRT+ Δ gabT:: FRT+ ΔdadA :: FRT+ 
Ø 

G4265 

E. coli K12  

C> Δ puuE ::FRT+ Δ gabT::kan+ FRT+ ΔdadA :: cat+ FRT+ 

P> pGEN1121 bla+ AmDH5 (Clostridium sticklandii)+  

AmDH5 - pSP100 

G5471 

E. coli K12  

C> DpuuE ::FRT+ Δ gabT::FRT+ ΔdadA :: FRT+ 

P> pGEN1121 bla+ AmDH5 (Clostridium sticklandii)+  

AmDH5 - pSP100 

G4488 

E. coli K12  

C> Δ puuE ::FRT+ Δ gabT:: FRT+ ΔdadA :: FRT+ ΔkdgK :: AmDH5 

(Clostridium sticklandii)+ kan+ 

AmDH5 - chromosome 

G4489 

E. coli K12  

C> Δ puuE ::FRT+ Δ gabT:: FRT+ DdadA :: FRT+ ΔkdgK :: AmDH5 

(Clostridium sticklandii)+ kan+ 

AmDH5 - chromosome 

G5376 

E. coli K12  

C> Δ puuE ::FRT+ Δ gabT::kan+ FRT+ ΔdadA :: FRT+ 

P> pGEN1285 cat+ AmDH5 (Clostridium sticklandii)+  

AmDH5 - pVDM18 

G5377 

E. coli K12  

C> Δ puuE ::FRT+ ΔgabT:: FRT+ ΔdadA :: FRT+ 

P>pGEN1286 cat+ OA (Clostridium sticklandii)+ 

OA - pVDM18 

G5378 

E. coli K12  

C> Δ puuE ::FRT+ ΔgabT:: FRT+ ΔdadA :: FRT+ 

P>pGEN1287 cat+ TtherAmDH (Thermohydrosulfuricus WC1)+ 

TtherAmDH - pVDM18 

G5379 

E. coli K12  

C> Δ puuE ::FRT+ ΔgabT:: FRT+ ΔdadA :: FRT+ 

P>pGEN1121 bla+ AmDH5 (Clostridium sticklandii)+ 

pGEN1286 cat+ OA (Clostridium sticklandii)+ 

AmDH5 - pSP100            

OA -pVDM18 

G5393 

E. coli K12  

C> Δ puuE ::FRT+ ΔgabT:: FRT+ ΔdadA :: FRT+ 

P>pGEN1293 bla+ TtherAmDH (Thermohydrosulfuricus WC1)+ 

TtherAmDH - pSP100 

G5392 

E. coli K12  

C> Δ puuE ::FRT+ ΔgabT:: FRT+ ΔdadA :: FRT+ 

P>pGEN1292 bla+ OA (Clostridium sticklandii)+ 

OA - pSP100 

G5394 

E. coli K12  

C> Δ puuE ::FRT+ ΔgabT:: FRT+ ΔdadA :: FRT+ 

P>pGEN1285 cat+ AmDH5 (Clostridium sticklandii)+ 

pGEN1292 bla+ OA (Clostridium sticklandii)+ 

DH2B8 - pVDM18             

OA - pSP100 

G5422 

E.coli K12 

C> ΔkdgK :: AmDH5 (Clostridium sticklandii)+ kan+ 

P>pORTMAGE-2 bla+ mutL+ 

 AmDH5 - chromosome 

G5447 
E.coli K12 

C> ΔkdgK :: AmDH5* (Clostridium sticklandii)+ kan+ 
AmDH5 - chromosome 

G5488 

E.coli K12 

C>b2033 

P>pGEN1302 bla+ OA(Clostridium sticklandii)+ AmDH5(Clostridium 

sticklandii)+ 

AmDH5+OA - pSP100 

G5469 

E. coli K12  

C> DpuuE ::FRT+ Δ gabT:: FRT+ ΔdadA :: FRT+ ΔkdgK :: AmDH5* 

(Clostridium sticklandii)+ kan+ 

AmDH5 - chromosome 

with mutation in kdgK 

promoter 
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G5492 

E. coli K12  

C>DpuuE ::FRT+ DgabT:: FRT+ DdadA :: FRT+ 

P>pGEN1302 bla+ OA(Clostridium sticklandii)+ DH2B8(Clostridium 

sticklandii)+ 

AmDH5 and OA – 

pSP100 

 

 

G5490 

 

E. coli K12  

C>DpuuE ::FRT+ DgabT:: FRT+ DdadA :: FRT+ DkdgK :: DH2B8* 

(Clostridium sticklandii)+ kan+ 

P>pGEN1292 bla+ OA(Clostridium sticklandii)+ 

AmDH5 – chromosome 

+ mutation in kdgK 

promotor 

OA – pSP100 

G5618 

E. coli K12  

C> ΔpuuE ::FRT+ ΔgabT:: FRT+ ΔdadA :: FRT+ 

P>pGEN1124 bla+ AmDH4 (Petrotoga mobilis)+ 

AmDH4 - pSP100 

G5592 

E. coli K12  

C> ΔpuuE ::FRT+ ΔgabT: FRT+ ΔdadA :: FRT+ 

P> pGEN1308 bla+ AmDH4* (Petrotoga mobilis)+  

AmDH4-

I80T/P224S/E296G - 

pSP100 

G5313 
E. coli K12 

C> Δzwf ΔmaeB ΔudhA ΔpntAB Δicd::FRT+ ΔmaeA::FRT+ Δlpd::FRT+ 
Ø 

G5641 

E. coli K12 

C> Δzwf ΔmaeB ΔudhA ΔpntAB Δicd::FRT+ ΔmaeA::FRT+ Δlpd::FRT+ 

P>pGEN1237 MicroAmDH+ (Microbacterium sp. MA1) cat+  

MicroAmDH - pVDM18 

 

G5647 

E.coli K12 

C> Δzwf ΔmaeB ΔudhA ΔpntAB Δicd::FRT+ ΔmaeA::FRT+ Δlpd::FRT+ 

P>pGEN1330 cat+ AspRedAm+ (Aspergillus oryzae) 

AspRedAm - pVDM18 

G5648 

E.coli K12 

C> Δzwf ΔmaeB ΔudhA ΔpntAB Δicd::FRT+ ΔmaeA::FRT+ Δlpd::FRT+ 

P>pGEN1332 bla+ AspRedAm+ (Aspergillus oryzae) 

AspRedAm - pSP100 

G5780 

E. coli K12 

C> Δzwf ΔmaeB ΔudhA ΔpntAB Δicd::FRT+ ΔmaeA::FRT+ Δlpd::FRT+ 

ΔkdgK:: AspRedAm (Aspergillus oryzae)+ aad+ 

AspRedAm - 

chromosome 

G5782 

E.coli K12 

C>DkdgK::aspRedAm (Aspergillus oryzae)+ aad+ 

P> pORTMAGE-2 bla+ mutL E32K+ 

AspRedAm - 

chromosome 

 

Appendix 58. (Chapter III, II) Maps of pSP100 and pVDM18 vectors. 
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Appendix 59. (Chapter III, II.2 and II.3) Composition of the culture medium used in cells growth assays in liquid 

medium, bioscreen assays and evolution in the GM3. 

 

Appendix 60. (Chapter III, II.2.3.1.1) Growth assays using G4480 strain in presence of NH4Cl and/or 4-AP. NH4Cl eq. 

2% corresponds to the addition of 4-AP 10mM if contaminated with eq. 2% v/v of NH4Cl. 

 

Appendix 61. (Chapter III, II.2.3.1.1) Monitoring of 4-AP contained in the culture medium over time in presence of 

G4480. A calibration curve containing various concentrations of 4-AP enabled the estimation of 4-AP concentration. 

Error bars represent the standard deviation of two independent experiments. 

 

  

Citric acid.H2O 4 mM Citric acid.H2O 4 mM

MgSO4.7H2O 1 mM MgSO4.7H2O 1 mM

NH4Cl 20 mM K2HPO4 50 mM

K2HPO4 50 mM D-glucose 0.2% (m/v)

D-glucose 0.2% (m/v) NTAmix (1000X) 0.1% (v/v)

NTAmix (1000X) 0.1% (v/v)

Na2HPO4.12H2O 31 mM Na2HPO4.12H2O 31 mM

MgSO4.7H2O 1 mM MgSO4.7H2O 1 mM

NH4Cl 18 mM K2HPO4 25 mM

K2HPO4 25 mM Nitrilotriacetic acid trisodium40 µM

Nitrilotriacetic acid trisodium 40 µM NTAmix (1000X) 0.1% (v/v)

NTAmix (1000X) 0.1% (v/v)

MS MSN-

MA MAN-

NH4Cl            

(5 mM)

NH4Cl eq. 2% 

(0.57 mM)

4-AP (10 mM)  

NH4Cl eq. 2%

4-AP       

(10 mM)

24 1.20 0.17 0.36 0.19

48 1.14 0.19 0.36 0.25

Strain Time (h)

G4480

Nitrogen source
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Appendix 62. (Chapter III, II.3) Schematic representation of the NADPH auxotrophic E. coli. Enzymes producing 

NADPH are shown in blue arrows and delete ones are indicated using a red cross line. Carbone sources are shown 

in green. Extracted from Lindner et al. (2018). 

 

Appendix 63. (Chapter III, II.3.1) Specific activity (mU mg-1) of MicroAmDH towards a panel of short amines in the 

oxidative deamination direction. Reaction conditions were as follows: Final volume 100 µL, 10 mM amine substrate, 

0.4 mM NADP+, Tris HCl buffer (50 mM, pH 9), 0.2 - 0.4 mg mL-1 purified MicroAmDH, 37°C. The uncertainties are 

those generated out of two to three experiments (Experimental section, II.3.1). 
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Appendix 64. (Chapter III, II.3.2) Growth curves of G5313, G5647 and G5648 on minimum medium containing gluconate (244) and/or 

N-methylcyclohexylamine (N-MeCYH, 54) as the NADPH source. Growth conditions: MA medium, glycerol (247) 10 mM, acetate (248) 

10 mM and α-ketoglutarate (249) 5 mM, ± 244 10 mM and ± 54 30-60 mM, 30°C, 180 rpm. For clarity, the legend is only given for 

G5313 but remains the same for the two other strains. 
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Appendix 65. (Chapter III, II.3.2) Growth curves of G5780 and two isolates sampled from the first evolution of G5780 in the GM3 on 

minimum medium containing 244 and/or 54 (N-meCYH) and/or 45 (CYH). Growth conditions: MA medium, glycerol (247) 10 mM, 

acetate (248) 10 mM and α-ketoglutarate (249) 5 mM, ± 244 5-10 mM and ± 54 10-30 mM, 45 10-30 mM, 30°C, 180 rpm. For clarity, 

the legend is only given for G5780 but remains the same for the two other strains. 
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Appendix 66. (Chapter III, III) Structural alignment of CfusAmDH, MicroAmDH, MATOUAmDH2 (template 2) on 

AmDH4 (template 1) focusing on the top of the spine helix V134-I150. AmDH4, CfusAmDH, MicroAmDH and 

MATOUAmDH2 are colored in grey, blue, green and yellow, respectively. Some P1-P21 are represented in stick 

format. RMSD (CfusAmDH-AmDH4) = 1.936 Å; RMSD (MicroAmDH-AmDH4) = 1.442 Å; RMSD (MATOUAmDH2-

AmDH4) = 1.906 Å;   

 

Appendix 67. (Chapter III, III) Structural alignment of CfusAmDH, MicroAmDH, MATOUAmDH2 (template 2) on 

AmDH4 (template 1) focusing on the linker segment G191-G199. AmDH4, CfusAmDH, MicroAmDH and 

MATOUAmDH2 are colored in grey, blue, green and yellow, respectively. Some P1-P21 are represented in stick 

format. RMSD (CfusAmDH-AmDH4) = 1.936 Å; RMSD (MicroAmDH-AmDH4) = 1.442 Å; RMSD (MATOUAmDH2-

AmDH4) = 1.906 Å;   
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Appendix 68. (Chapter III, III) SDS-PAGE gels of the chimeras designed between AmDH4 and CfusAmDH, MicroAmDH 

and MATOUAmDH2. M = molecular marker SeeBlue® Plus2 pre-strained standard (5 µg deposited); L = cell-free 

extracts (15 µg deposited); IF = insoluble fraction of the lysis step (small fraction diluted in water); P = purified 

enzymes (5 µg deposited). 

 
 

Appendix 69. (Chapter IV, I) Sequences of the nat-AmDHs selected within ASMC1 for accomodation of larger 

carbonyl substrates. 

Uniprot ID Sequence 

A0A076NBW6 

MTEPKIRAIVWGCGHMGQIIIKYLKDKGVELVGAIDRNVSRVGKDAGEISALKRSLGTFIHHPDEAKQV

FHKANANVCIISTRSLMIDIYDSLETSARHGVNAITLAEEAFYPWNTSPDLTQKLDKLAKEHNCTLTGSG

FQDVFLGNLISILAAGTHRIDRIQAIIQYNIDGYGSSVAAQYGVGLSVEAFKQQISGYTEPFPSWYMNE

WLCAHLGLAIRTQKQEFWPITNIKTIHSTSLKTDISVGSVTGMKAVVTTETEKGVIIENQVLGKIYTPDEID

TYECTLVGEPTTTLTIHRPATAQMTCASLVNRLQHLIDAPPGFVTTDKMQPPNYWM  

A0A1H8XY75 

MKPIRAALVGVGAMNRIVAGLLPEKGVEIVGAVGRSKAGQDLGEVLELGHRLGISVTTDAGAMYASAR

PDIALVATSSFMTGQYAVLADCARHGVNAITIGEELLHPWHTAPERTRELDALARRHGVTLAGGGFQD

FFLVHQLAGMLGTMNRLDRLSGQQTFNVDDYGAEVARDQQVGAGVADFARWRQSDERPPGFGLPI

LAAIAAASDLTVTGTGFEIRPEVAERATPCRSLGITVGPGDLIGFTTVDTVTTEEGPVLVMELSGRIYQPGE

TDRFAWTASGDPDVRVVNPGVDTLRTTCTQMVNRIPDVINAAPGFVGPAGLPPLRYRARPFAEYLLER

PRLAVN  

A0A1I3IZQ4 

MSKIRTIVYGVGATGQNVTRHLAERGVDIVGAIGRVENVGADLGTVAELDRELNVEINDDADDVLENT

EADVAIVSIASTLEEMYPHLKRCLEAGVNVITTSEETLYPWYTSPDLAGRLDRIAIENDVTFTGGGYQDIF

EVNLPVMLTGASRKLDGVDGTNRYNIDDYGPAVVEYFFGGKDRDDVEEKLERGGAPESLFRTTLEAQI

AELGLSEADASQKATPIVADRAVESEALGRTIQEGEVLGLEIDVTIETHEGITFTGTEIAKVYDTEEEDRNE

WVIEGTPEMHVVDQPTPVEVGTSTQIVNRLPDIINYESGFVSVTELPRPKYRVGPLETYLD  

A0A078AU13 

MGEKIALWGFGVMNKIMLKYLIENNYQIATVIGGRDHGKDAGEAAGLEYLGVKVIRPEEADDVLRETR

PVLCILSTISGLSLIMDQLVILARNRVNVLTINEDAFYSWSIQPQLTQEIDSMFRQNLVTFTGTGYFDLLG

CYFGSLLVGISHKVDKISMKVQFTLDDFGVGDEDGVGLSIEEFEKKFAESKGEIAYIWPPVEALAFRLGW

KILAISQKHEPTLAPVDIQSKQYGVIEQGRATGFKAIVTCKALRQDNQVAEIEAQSIGCIYHGDMEDYCE

WETIGVPSLTLKMPKPDTNAITCASTVNRIKDCIKARPGYVTVVEMGPIA 

A0A078BAL0 

MGEKIALWGFGLMNKVMLKYLIESDYQIATVIDNHNHGKDAGEIAGMEQLGVNIISREEADDVLQETR

PIACIVSTKSKLSQIMDSLKILAKNRVNVLTINEEAFYSWNIQPQLTYEIDTMFRQNLVTFTGTGYYDLLG

CYFGSTLVGISHKVDKLIVRIQYNFDDYGVGDNGIGLTMEEFDEKFVRTEREPTYFWPPVEALAIRLGWK

VLSISQKHEPTLAPIDIQSKQYGFIPQGRATGFKAIVYCQLLRQDGKVAEIEAQSIGCIYHGEMEDYCEW

ETVGVPSLTLKMPKPDTTAITCASTVNRIKDCIKAKPGVVTVVEMGPIS  
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A0A1Q9SC61 

MTTIRAVLVGVGAMNAIVAHLLAEKGVEVVGAVGRSPEKVGRDAGEVMGLPHPLGVEVAADAGRLY

DSVRPDIALVATSSFMADQYDVLATCARHGVNAITIGEEMLFPWHTAPERTGELDGLAREHGVTLAGG

GFQDFFLVNQVAGLLGAVNRFDRLVGRESFNVDDYGAEVARDQRIGTTPDDFAEWQTSSTRPPSFAL

PILAAIASSAGLTITASTVELRPDIATVPIESRSLATVVEPGLLIGFTTVDTVTTGEGPILQMELSGHIYRPGE

TDRCEWAVQGDPDVRVVNPDVDTLRTTCTQMVNRVADVINAAPGFVTPADLPPLRYRLRPLNEYVL

ART 

 

Appendix 70. (Chapter III, III) Primers used for the cloning and production of the nat-AmDHs selected within ASMC1 

for accomodation of larger carbonyl substrates. These represent the different His-tag locations in the sequence and 

soluble tag tested. The segment for pLIC cloning, the start or stop codon and the tags are respectively highlighted 

in yellow, red and green. 

Name Tag_position Primer 5'-3' 

A0A076NBW6_His6_F His-tag_N-ter 
AAAGAAGGAGATAGGATCATGCATCATCACCATCACCATACGGA

ACCGAAAATCCGCGCT 

A0A076NBW6_F no His-tag AAAGAAGGAGATAGGATCATGACGGAACCGAAAATCCGCGCT 

A0A076NBW6_R no His-tag GTGTAATGGATAGTGATCTTACATCCAGTAATTGGGAGGTTGCAT 

A0A076NBW6_His6_R His-tag_C-ter 
GTGTAATGGATAGTGATCTTAATGGTGATGGTGATGATGCATCCA

GTAATTGGGAGGTTGCAT 

A0A076NBW6_Lys5_F Lys-tag_N-ter 
AAAGAAGGAGATAGGATCATGAAAAAGAAAAAGAAAACGGAAC

CGAAAATCCGCGCT 

A0A076NBW6_Arg5_F Arg-tag_N-ter 
AAAGAAGGAGATAGGATCATGCGTCGCCGTCGCCGTACGGAAC

CGAAAATCCGCGCT 

A0A076NBW6_Asp5_F Asp-tag_N-ter 
AAAGAAGGAGATAGGATCATGGATGATGACGATGACACGGAAC

CGAAAATCCGCGCT 

A0A1H8XY75_His6_F His-tag_N-ter AAAGAAGGAGATAGGATCATGAAACCGATTCGCGCTGCACTG 

A0A1H8XY75_F no His-tag 
AAAGAAGGAGATAGGATCATGCATCATCACCATCACCATAAACC

GATTCGCGCTGCACTG 

A0A1H8XY75_R no His-tag GTGTAATGGATAGTGATCTTAATTCACGGCCAAACGTGGAC 

A0A1H8XY75_His6_R His-tag_C-ter 
GTGTAATGGATAGTGATCTTAATGGTGATGGTGATGATGATTCAC

GGCCAAACGTGGAC 

A0A1H8XY75_Lys5_F Lys-tag_N-ter 
AAAGAAGGAGATAGGATCATGAAAAAGAAAAAGAAAAAACCGA

TTCGCGCTGCACTG 

A0A1H8XY75_Arg5_F Arg-tag_N-ter 
AAAGAAGGAGATAGGATCATGCGTCGCCGTCGCCGTAAACCGAT

TCGCGCTGCACTG 

A0A1H8XY75_Asp5_F Asp-tag_N-ter 
AAAGAAGGAGATAGGATCATGGATGATGACGATGACAAACCGA

TTCGCGCTGCACTG 

 

Appendix 71. (Chapter III, I) SDS-PAGE gels of A0A1H8XY75 overexpressed in BL21 C+ or ArcticExpress. M = 

molecular marker SeeBlue® Plus2 pre-strained standard (5 µg deposited), L = cell-free extracts (15 µg deposited) 
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and P = purified enzymes (5 µg deposited). 

 

Appendix 72. (Chapter IV, II) (Meta)genomic databases used for nat-AmDH family expansion 
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Appendix 73. (Chapter III, II.3) Preliminary results of the screening carried out to describe the extended nat-AmDH 

family. (A) Phylogenetic tree of the extended set with id95/cov90 threshold (B) Activity results labelled as circles of 

proportional size according to the activity measured towards cyclohexanone (45), hexanal (207), butan-2-one (134), 

hexan-3-one (200), furfural (57), benzaldehyde (31) and (2R)-2-amine-4-oxopentanoic acid (166). 

 

Appendix 74. (Chapter IV, II.5.5) Example of the design of a N-ter truncated enzyme (MGYP000882735950, in a black 

frame) selected within the ASMC2. The figure represent a MSA between the target enzyme and homologs with 

complete sequences use as templates. The sequence added in this case was deduced from a consensus approach 

of the templates.  TVVKIARPATVELTCATIVNRIPQLLEAPAGYYTTEKMPPAEYRTYPLHFYVDF was added after the GEPN 

terminal. 
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Appendix 75. Summary of the PhD work in French 

 

La forte présence d’amines dans les composés chimiques issus des industries pharmaceutiques, 

agrochimiques et plus généralement des industries de chimie fine et de gros tonnage, nécessite le 

développement de nouveaux procédés durables de synthèse d’amines prenant en compte les défis 

économiques et environnementaux actuels. La biocatalyse, qui consiste en l’utilisation d’enzymes dans 

des procédés de synthèse, représente une alternative plus verte aux procédés chimiques conventionnels. 

Elle permet de travailler de manière catalytique dans des conditions douces (température, pression, en 

milieu aqueux, etc.) et généralement au sein de schémas réactionnels plus courts grâce à l’exceptionnelle 

chimio et stereosélectivité des enzymes. D’abord centrées autour des lipases et des transaminases, les 

solutions biocatalytiques pour la synthèse d’amines se sont étendues au milieu des années 2010 avec la 

découverte d’enzymes catalysant l’amination réductrice de composés carbonylés. Ces solutions 

comprennent plusieurs familles, les opine déshydrogénases, les imine réductases, les réductive aminases 

(RedAm) et les amine déshydrogénases (AmDHs). Ces dernières étaient d’abord restreintes aux acide 

aminés déshydrogénases ingénierées, jusqu’à la découverte, en 2019, de gènes codant pour des 

enzymes natives (nat-AmDHs) catalysant la formation de l’imine en présence d’ammoniac et sa réduction 

par un cofacteur nicotinamide. Dans le cas de réactions sur des cétones prochirales, elles donnent lieu 

très préférentiellement à la formation de l’énantiomère S, stéréochimie rarement obtenue par les autres 

familles d’enzymes catalysant la même réaction. La famille des nat-AmDHs s’est étendue grâce à 

plusieurs cycles d’exploration de génomes et metagénomes, restant cependant limitée par une faible 

diversité de substrats. Les recherches présentées cherchaient à apporter cette diversité manquante par 

des approches basées sur des analyses in silico de structures cristallographiques, obtenues grâce à un 

travail collaboratif extérieur, ou de modèles générés par homologie. Dans un premier temps, une analyse 

structurale poussée de la famille couplée à un travail d’ingénierie protéique a révélé l’importance de 

certains résidus du site actif. Même si le mécanisme réactionnel des nat-AmDHs n’est encore 

qu’hypothétique, cette étude a permis de mieux comprendre le rôle de ces résidus dans la réaction et a 

aussi aidé à définir plusieurs configurations de sites actifs minimaux dans le cadre d’une recherche 

d’enzymes natives analogues. En collaboration avec l’équipe du Pr. Bommarius, une étude portant sur la 

stabilité d’un sous-ensemble de nat-AmDHs a été entreprise pour corréler ces données de stabilité avec 

l’état oligomérique des enzymes étudiées. De notre côté, il s’agissait de suivre l’activité spécifique des 

nat-AmDHs après différentes conditions de stockage. Comme attendu, la température s’est révélé être 

un paramètre clé influençant la stabilité des enzymes et deux nat-AmDHs se sont démarquées, 

AcolAmDH et IGCAmDH5, en conservant plus de 80% d’activité spécifique après six jours à 37°C. La 

connaissance du spectre de substrats des nat-AmDHs, indiqué comme une limite de la famille, a été 
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complétée par rapport aux données déjà publiées. Parmi les enzymes testées, certaines ont montré une 

activité notable pour la synthèse d’amines plateformes pour la synthèse de composés pharmaceutiques 

ou agrochimiques [furfurylamine, (2S)-methoxypropan-2-amine, (2S)-butan-2-amine, (3S)-2-

hydroxybutan-3-amine, etc.]. Une étude très préliminaire a également été débutée afin d’estimer le 

potentiel de certaines nat-AmDHs à catalyser la réaction de sulfidation réductrice de fonctions 

carbonyles en thiols correspondants en présence d’un donneur du soufre (Na2S), remplaçant 

hypothétique du donneur d’amine NH3. L’enzyme MATOUAmDH2 s’est révélée une candidate 

potentielle pour la formation d’hexan-1-thiol, mais ces résultats restent à confirmer, notamment du fait 

d’un fort taux de formation spontanée des thiols dans les conditions utilisées. Plusieurs approches ont 

été utilisées pour étendre le spectre de substrats des nat-AmDHs restreints aux petits composés 

carbonylés (<C6). La première s’est basée sur l’identification in silico de deux résidus encombrants 

fortement conservés au sein de la famille et ainsi considérés comme des cibles de choix pour 

l’agrandissement du site actif. Ces deux résidus ont été mutés dans dix nat-AmDHs possédant une 

structure similaire mais des sites actifs légèrement différents. La majorité des mutants se sont montrés 

actifs sur des substrats encore non atteints par les enzymes natives, tels que les aldéhydes hexanal 

(jusqu’à 99.5% de conversion non optimisée) à nonanal (44.5%), les cétones hexan-2-one (39.5%) à 

nonan-2-one (16%) et la 4-phenylbutan-2-one (52.5%), tout en conservant leur forte (S)-

enantiosélectivité (> 90% ee). De bonnes conversions ont été obtenues par certaines enzymes, natives 

ou mutées, sur l’hexan-3-one (51.2%) et dans une moindre mesure sur les homologues heptan-3-one et 

octan-3-one, un type de substrats encore assez peu décrit, même dans les autres familles d’enzymes 

permettant l’amination réductrice. Le meilleur mutant CfusAmDH-W145A a été étudié plus en détails et 

utilisé pour la synthèse d’environ 100 mg de (2S)-octan-2-amine et heptan-1-amine. La cristallisation et 

la résolution structurale de CfusAmDH-W145A, réalisée au sein de l’équipe du Pr. Grogan, couplée à des 

études de dynamiques moléculaires ont permis d’émettre des hypothèses sur sa spécificité de cofacteur 

et de substrat. Une autre approche, cette fois d’évolution in vivo, utilisant les automates de culture en 

continu disponibles au Genoscope, a été tentée pour l’amélioration des activités de certaines nat-

AmDHs et d’AspRedAm. Les deux cribles de sélection se basaient sur l’activité de déamination oxidative 

permettant la libération de NH3 ou de NAPDH nécessaire à la croissance des souches E. coli utilisées. 

Cependant l’activité de ces enzymes dans ce sens réactionnel s’est révélé hypothétiquement trop faible 

pour engendrer une croissance cellulaire suffisante pour permettre une évolution. Une dernière 

approche a été de créer des chimères entre deux nat-AmDHs afin de combiner leurs caractéristiques les 

plus utiles dans un but de synthèse. Ce travail préliminaire a été testé en couplant d’un côté AmDH4, 

une enzyme thermostable et thermoactive mais non active sur des cétones sans prérequis fonctionnel, 

et de l’autre CfusAmDH, MicroAmDH ou MATOUAmDH2, des enzymes actives sur des cétones et 
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aldéhydes simples mais instables dès 30-40°C. Les premiers designs ont été infructueux mais le travail 

pourra être poursuivi de manière collaborative. Enfin, dans le cadre du projet en collaboration interne 

MODAMDH cherchant à trouver plus de diversité de séquences AmDHs, la famille a été drastiquement 

étendue de 2 011 à 17 039 membres. En se basant sur les analyses structurales et résultats expérimentaux 

obtenus jusqu’alors, une sélection in silico de 92 enzymes a été faite afin de trouver de nouvelles nat-

AmDHs possédant des caractéristiques structurales particulières pouvant influer sur leur spectre de 

substrats amines ou carbonyles ainsi que sur leur stéréosélectivité. Grâce à ce travail, nous avons une 

vue et une compréhension quasi complète de la diversité structurale au sein des nat-AmDHs ce qui 

aidera à leur amélioration et à leur application en synthèse.
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Titre : Identification et modification d’amine déshydrogénases par approches génomique et structurale pour la 

synthèse biocatalysée d’amines 

Mots clés : biocatalyse, amination réductrice, analyse structurale d’enzymes, amine déshydrogénases 

Résumé : Pour faire face à la forte demande en 

amines des industries pharmaceutiques, 

agrochimiques et plus généralement des industries 

de chimie fine et de gros tonnages, de nouveaux 

procédés durables de synthèse d’amines doivent être 

développés en prenant en compte les challenges 

économiques et environnementaux actuels. La 

biocatalyse, qui consiste en l’utilisation d’enzymes 

pour la synthèse, représente une alternative plus 

verte aux procédés chimiques conventionnels. Elle 

permet de travailler de manière catalytique dans des 

conditions douces et généralement dans des temps 

réactionnels plus court grâce à la chimio et 

stereosélectivité des enzymes. D’abord centrées 

autour des lipases et des transaminases, les solutions 

biocatalytiques pour la synthèse d’amines se sont 

étendues dans les années 2010 avec la découverte 

d’enzymes catalysant l’amination réductrice de 

composés carbonylés. Ces solutions comprennent 

plusieurs familles telles que les opine 

déshydrogénases, les imine réductases, les réductive 

aminases (RedAms) et les amine déshydrogénases 

(AmDHs). Ces dernières étaient restreintes aux acide 

aminé déshydrogénases ingénierées jusqu’à la 

découverte d’enzymes natives (nat-AmDHs) 

catalysant la formation de l’imine en présence 

d’ammoniac et sa réduction par un cofacteur 

NAD(P)H. Elles favorisent la formation de l’amine (S), 

rarement décrit dans d’autres familles d’enzymes 

catalysant la même réaction. La famille des nat-

AmDHs s’est étendue grâce à plusieurs cycles 

d’exploration de (méta)génomes mais manquait 

encore de diversité de séquences. Les recherches 

présentées cherchent à apporter cette diversité 

manquante par des approches basées sur des 

analyses in silico de modèles par homologie ou 

structures crystallographiques, obtenues grâce à un 

travail collaboratif extérieur. Une analyse structurale 

poussée de la famille couplée à un travail d’ingénierie 

protéique a révélé l’importance de certains résidus 

du site actif. La caractérisation de quelques nat-

AmDHs a montré leur activité sur des substrats  

encore peu étudiés tels que des petits aldéhydes 

aromatiques ou cétones hydroxylées. Plusieurs 

approches ont été utilisées pour étendre le spectre 

de substrats des nat-AmDHs restreints aux petits 

composés carbonylés (<C6). La première a permis 

l’identification in silico de deux résidus 

encombrants et conservés au sein de la famille, 

considérés comme des cibles pour 

l’agrandissement du site actif. Ces deux résidus ont 

été mutés dans dix nat-AmDHs possédant une 

structure similaire mais des sites actifs différents. La 

majorité des mutants se sont révélés actifs sur des 

substrats encore non atteints tels que les aldéhydes 

de hexanal (jusqu’à 99.5% de conversion non 

optimisée) à nonanal (44.5%), les cétones de 

hexan-2-one (39.5%) à nonan-2-one (16%) et la 4-

phenylbutan-2-one (52.5%), en conservant leur 

forte (S)-enantiosélectivité (> 90% ee). Le meilleur 

mutant CfusAmDH-W145A a été utilisé pour la 

synthèse d’environ 100mg de (2S)-octan-2-amine 

et heptan-1-amine. Une autre approche 

d’évolution in vivo en continu, utilisant les 

automates de culture du Genoscope, a été tentée 

pour l’amélioration des activités de certaines nat-

AmDHs et d’AspRedAm. Les deux sélections se 

basaient sur l’activité de déamination oxidative de 

ces enzymes qui s’est révélé hypothétiquement 

trop faible pour permettre une croissance cellulaire 

suffisante pour permettre une évolution. Dans le 

cadre du projet MODAMDH cherchant à trouver 

plus de diversité de séquences AmDH, la famille a 

été drastiquement étendue de 2011 à 17039 

membres. En se basant sur les analyses structurales 

et résultats expérimentaux obtenus, une sélection 

de 92 enzymes possédant des caractéristiques 

particulières a été faite. Grâce à ce travail, nous 

avons une vue et une compréhension quasi 

complètes de la diversité des nat-AmDHs ce qui 

aidera à leur amélioration et à leur application en 

synthèse. 
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Title : Identification and modification of amine dehydrogenases by genomic and structural approaches for the 

biocatalytic amine synthesis 

Keywords : biocatalysis, reductive amination, enzyme structural analysis, amine dehydrogenases  

Abstract: Facing the great demand of amine 

intermediates in pharmaceutical, agrochemical as 

well as in fine and bulk chemical industries, new 

sustainable processes for amine synthesis need to be 

developed considering the current economic and 

environmental challenges. Biocatalysis, i.e. the use of 

enzymes in synthesis, represents a greener 

alternative to traditional chemical processes. It 

enables to work catalytically in mild conditions and 

generally with shorter reaction times thanks to the 

high chemo- and stereoselectivity of enzymes. First 

mainly limited to lipases and transaminases, the 

biocatalytic alternatives for amine synthesis have 

expanded since the 2010s with the discovery of 

enzymes catalyzing the reductive amination of 

carbonyl-containing compounds. These solutions 

encompass several enzyme families such as opine 

dehydrogenases, imine reductases, reductive 

aminases (RedAms) and amine dehydrogenases 

(AmDHs). The latter, previously restricted to 

engineered amino acid dehydrogenases, has grown 

in recent years thanks to the identification of genes 

coding for native AmDHs (nat-AmDHs) that catalyze 

the imine formation from a carbonyl compound and 

ammonia and its subsequent reduction by NAD(P)H 

cofactor. These enzymes harbor a high (S)-

enantioselectivity rarely obtained from other enzyme 

families catalyzing the same reaction. The nat-AmDH 

family has been extended over the years through 

several iterations of (meta)genome mining but still 

lacked in active site diversity. The studies described 

in this research work aimed at filling this missing 

diversity using structure-guided approaches based 

on homology models or 3D structures obtained from 

an external collaborative work. First, a deep structural 

analysis of the family members coupled with targeted 

protein engineering highlighted the importance of 

some residues in the active site. The family was 

furthered characterized for reductive amination of 

still undescribed key substrates such as short 

(hydroxy)ketones or aromatic aldehydes.  

Some approaches were carried out to expand the 

substrate scope of the native AmDHs, restricted to 

short carbonyl substrates. One strategy relied on 

the in silico identification of two bulky residues 

highly conserved within the family which were 

considered as hot spots for the active site 

expansion. These two residues were mutated in ten 

nat-AmDHs bearing similar scaffolds but slightly 

different active sites. The majority of the mutants 

were active towards still unreached substrates such 

as aldehydes from hexanal (non-optimized 

conversions up to 99.5%) to nonanal (44.5%), 

ketones from hexan-2-one (39.5%) to nonan-2-one 

(16%) and 4-phenylbutan-2-one (52.5%) while still 

retaining their high (S)-enantioselectivity (>90% 

ee). The best hit CfusAmDH-W145A was furthered 

characterized and used in a 100-mg scale synthesis 

of (2S)-octan-2-amine and heptan-1-amine. 

Secondly, an approach of continuous in vivo 

evolution using automated devices available at the 

Genoscope was attempted to enhance the activity 

of some nat-AmDHs and AspRedAm. The selection 

screens were based on the activity of these 

enzymes in the oxidative deamination way that was 

hypothetically too low to enable sufficient initial 

cells growth thus preventing good starting point 

for evolution. Eventually, within the scope of the 

MODAMDH project to find AmDHs with high 

sequence diversity among 2.6 billion sequences, 

the family was drastically extended from 2,011 

members to 17,039 members. Thus, taking 

advantage of all the structural and experimental 

data collected on the characterized nat-AmDHs, a 

promising structure-guided selection of 92 new 

enzymes harboring specific features has been 

done. Thanks to this work, we have a nearly 

complete structural picture and understanding of 

the nat-AmDHs diversity that will help further 

improvements and applications in synthetic 

chemistry. 

 

 


