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Abstract 

The aldehyde dehydrogenase (ALDH) superfamily comprises a large number of dimeric and 

tetrameric proteins with a subunit molecular weight of approximately 55 kDa and different subcellular 

localization (cytoplasm, mitochondria and endoplasmic reticulum). ALDHs include a cluster of 

evolutionarily related NAD(P)
+
-dependent enzymes catalyzing the oxidation of a wide spectrum of 

aldehydic substrates, generated from various endogenous and exogenous precursors, to their 

corresponding carboxylic acids. 

 The Thesis dissertation is a part of the structural and functional studies performed by our group on 

the role of oxidoreductases in retinoid metabolism, where their catalytic constants with retinoids were 

determined after solubilization with bovine serum albumin and by activity analysis using an HPLC-based 

methodology. To complete the study of the retinoid enzymatic pathway, this Thesis aims to perform an 

exhaustive and robust structural and kinetic analysis on the human enzymes involved in the irreversible 

oxidation of retinaldehyde to retinoic acid. 

The first part deals with a comparison of the substrate-binding pocket of the human ALDH1A 

enzymes. ALDH1A1, ALDH1A2 and ALDH1A3 exhibited similar topologies and decreasing volumes in 

their substrates-binding pockets. The three enzymes were subcloned, overexpressed and affinity 

purified in their soluble and active form. Their enzymatic activity was characterized with typical 

aldehyde (alkanals and alkenals) substrates. The three enzymes were active with all tested substrates. In 

terms of kcat/Km values, ALDH1A3 exhibits the lowest values for all substrates, suggesting a moderate 

role in the physiological oxidation of these aldehydes. The kcat/Km values of ALDH1A1 and ALDH1A2 

indicate a potentially major role in the transformation of these substrates with slightly different 

substrate specificity. Among the three enzymes, ALDH1A1 showed low Km and kcat values for most of the 

substrates, while ALDH1A2 exhibited the highest kcat values. In order to measure activity with the 

physiological substrate of ALDH1As, retinaldehyde, an optimization of the solvent extraction 

methodology was carried out. From the evaluated methods, extraction with 

hexane/dioxane/isopropanol was chosen, since it was the most efficient in recovering retinaldehyde and 

retinoic acid from the activity buffer, with a yield near 100%. The three enzymes were active with two 
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retinaldehyde isomers and followed Michaelis-Menten kinetics, with Km values in the micromolar range. 

The three forms exhibited lower Km values for 9-cis-retinaldehyde than for all-trans-retinaldehyde. 

Related to the kcat values, they were higher for the all-trans isomer (ALDH1A2 and ALDH1A3) or similar 

for the two isomers (ALDH1A1). Overall, the kcat/Km values for retinaldehyde were within the upper 

range as compared with those for most aldehyde substrates, being ALDH1A3, the best enzyme in terms 

of catalytic efficiency, followed by ALDH1A2. Moreover, the activity of ALDH1A enzymes with apo-β-

carotenals, derived from the eccentric cleavage of β-carotene, was described for the first time. 

The second part of this work is centered on the role of specific residues in the kinetic properties of 

ALDH1A enzymes. We performed site-directed mutagenesis, based on structural differences of selected 

residues from the substrate-binding pocket. The substitution L114P in ALDH1A1 was selected to make 

this part of the structure more similar to that of ALDH1A2. Likewise, in ALDH1A2, four contiguous 

residue changes, N475G, A476V, L477V and N478S were made to mimic the structure of ALDH1A1. In 

the ALDH1A1 L114P mutant, the Km values for hexanal and citral were increased by 50-100 fold related 

to those of the wild-type ALDH1A1. This implies that the catalytic efficiency, specifically for citral, was 

similar to that observed in wild-type ALDH1A2. Conversely, the mutant ALDH1A2 exhibited a 50-fold 

decrease in the Km value for citral. In addition, the 5-fold decrease in the kcat value made the catalytic 

efficiency of mutant ALDH1A2 for citral to become similar to that of wild-type ALDH1A1. In regard to 

kinetics with retinaldehyde isomers, the mutants did not show significant differences with the 

respective wild-type forms, thus the mutated residues are not critical for retinaldehyde specificity. 

Finally, inhibition studies of ALDH1A enzymes were performed in order to find novel, potent and 

selective inhibitors against ALDH1A1, ALDH1A2 and ALDH1A3. These preliminary results appear to be 

very promising to develop new pharmacophores by using structure-based drug design. 
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Km Michaelis constant 

LRAT lecithin:retinol acyltransferase  

MCS multicloning site  

MDR medium-chain dehydrogenases/reductases  

NAD+ nicotinamide adenine dinucleotide (oxidized) 

NADH nicotinamide adenine dinucleotide (reduced) 

NADP+ nicotinamide adenine dinucleotide phosphate (oxidized) 

NADPH nicotinamide adenine dinucleotide phosphate (reduced) 

NCBI National Center for Biotechnology Information  

O.D. optical density 

O/N overnight 

PCR polymerase chain reaction 

PDB Protein Data Bank 

PMSF phenylmethylsulfonyl fluoride 

PPAR β/δ peroxisome proliferator-activated receptor β/δ 

RA retinoic acid 

RAL retinaldehyde 

RALDH retinaldehyde dehydrogenase 

RAR retinoic acid receptors  

RARE retinoic acid response element 

RBP retinol binding protein  

RDH10 retinol dehydrogenase 10  

REH retinyl ester hydrolase  

RMSD root-mean-square deviation  

ROS reactive oxygen species 

RXR retinoid X receptors 

SDR short-chain dehydrogenase/reductase  

SDS-PAGE sodium dodecyl sulfate–polyacrylamide gel electrophoresis 

SF soluble fraction or supernatant 

STRA6 stimulated by retinoic acid 6  

TCEP tris(2-carboxyethyl)phosphine  

TR thyroid hormone receptor  

TTR transthyretin 

VMS visual molecular dynamics  

WIN 18,446 N,N'-bis(dichloroacetyl)-1,8-octamethylenediamine   

XO xanthine oxidase  
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1.1 Aldehyde dehydrogenases: general perspective  

Aldehydes are organic compounds that are widespread in nature. They can be formed 

endogenously during numerous physiological processes, including the biotransformation of 

amino acids, neurotransmitters, carbohydrates, alcohols, biogenic amines, vitamins and 

steroids, and through processes such us lipid peroxidation, in which 4-hydroxy-nonenal and 

malondialdehyde are synthesized [1]. Aldehydes are often generated during the metabolism of 

a number of drugs and environmental agents. Various aldehydes, including ethanol-derived, 

acetaldehyde, and the anticancer drugs cyclophosphamide and ifosfamide are important 

aldehyde precursors [2]. 

 

Aldehyde dehydrogenases (ALDHs) include a cluster of evolutionarily related NAD(P)+-

dependent enzymes catalyzing the oxidation of a wide spectrum of aldehydic substrates, 

generated from various endogenous and exogenous precursors, to their corresponding 

carboxylic acids. Aldehydes are detoxified primarily through reductive and oxidative Phase I 

enzyme-catalyzed reactions, including the enzyme systems for aldehyde reduction, alcohol 

dehydrogenase (ADH), aldo-keto reductase (AKR) and short-chain dehydrogenase/reductase 

(SDR), and those for aldehyde oxidation, xanthine oxidase (XO), aldehyde oxidase (AOX) and 

ALDH (Figure 1).  

 

 

 

 

 

 

 

 
 
 
 
 
 

Figure 1. Enzymatic metabolism of aldehydes. ADH: Alcohol dehydrogenase; AKR: Aldo-keto reductase; ALDH: 
Aldehyde dehydrogenase; AO: Aldehyde oxidase; CAT: Catalase; SDR: Short chain dehydrogenase/reductase; XO: 
Xanthine oxidase. Reproduced from [2]. 

 

These enzymes play a particularly critical role in the cellular protection against toxic 

species, as evidenced by the fact that allelic variants of ALDH genes (leading to perturbations 
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in aldehyde metabolism) are the molecular basis of several disease states and metabolic 

anomalies [3]. 

 

1.2 Structure of ALDH genes 

In the 70-80s, the classification of the ALDH superfamily was based on the substrate 

specificity, since the nomenclature was related to the catalyzed reaction. In 1998, a new 

standard nomenclature system based on the divergent evolution of genes was established [4]. 

Currently, the abbreviated symbol ALDH, followed by a number, represents the family. It is 

considered that ALDHs are part of the same family if they share at least 40% amino-acid 

identity sequence. When it is considered, a letter to assign the subfamily is added after the 

number. Two members of the same subfamily exhibit approximately, more than 60% amino-

acid sequence identity. In addition, a number can be added to the letter that defines the 

subfamily to denote an individual gene within the subfamily (Figure 2). 

 

 

 

Figure 2. ALDH nomenclature system based on the divergent evolution of genes. The root symbol is followed by 
the number that defines the family, the letter that determines the subfamily and the number associated with the 
individual gene. The scheme is reproduced from the website of the ALDH gene superfamily resource database 
(www.aldh.org). 

 
The ALDH gene superfamily is represented in all three taxonomic domains (Archaea, 

Eubacteria and Eukarya). In the 2002 update of the ALDH superfamily members [5], 555 ALDH 

genes were listed, including 32 from Archaea, 351 from Eubacteria and 172 from Eukarya.  This 

update describes the ALDH genes of 11 representative vertebrate species (five primates, the 

cow, two rodents, two birds, and one fish) from which the full genome has been sequenced 

[6]. Recently, an update on the ALDH gene superfamily considers a common feature on 

vertebrate ALDH genes, such as the presence of duplications, which can lead to putatively 

protein-encoding genes or non-functional pseudogenes. The update of the gene study of these 

11 species of vertebrates recently sequenced, has allowed increasing the number of records in 

the National Center for Biotechnology Information (NCBI) gene database. Until 2012, 51 

different genes had been described for these 11 vertebrate species mentioned above, while 

currently, up to 207 different genes could be consulted. In this way, the latest update carried 

out by Vasiliou and coworkers [6] supposed an increase in the deposition of ALDH gene 

records described. In fact, in the Pfam database there are approximately 17,000 ALDH entries 

when pseudogenes and gene-duplication events are considered. 

http://www.aldh.org/
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1.2.1 Structure of human ALDH genes 

The ALDH1A1, ALDH1A2 and ALDH1A3 genes are conserved in most vertebrate species, 

although zebrafish lacks ALDH1A1. ALDH1A1 and ALDH1A3 genes consist of an average of 13 

exons while ALDH1A2 is constituted by an additional exon. Human ALDH1A2 and ALDH1A3 

genes are located in chromosome 15, while the ALDH1A1 gene is in chromosome 9 (Figure 3). 

Four ALDH1A2 isoforms may be generated from alternative splicing of the human ALDH1A2 

gene. The isoform 1 has been chosen as the canonical sequence. The isoform 2 sequence 

differs from the canonical sequence by missing of 228-265 residues.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Position of ALDH1A1, ALDH1A2 and ALDH1A3 genes in human chromosomes. (a) Locus map of human 
ALDH1A1 in chromosome 9. (b) Locus map of human ALDH1A2 gene in chromosome 15. (c) Locus map of human 
ALDH1A3 in chromosome 15. In the three schemes, the other loci present in the same chromosome localization are 
shown. The loci maps are reproduced from genomic context of NCBI resources (ALDH1A1 Gene ID: 216, ALDH1A2 
Gene ID: 8854 and ALDH1A3 Gene ID: 220). 
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1.2.2 Comparative and evolutionary studies of vertebrate ALDH1A-like genes 

Multiple ALDH1A-like genes were identified in mouse, rat and marsupial genomes. 

Vertebrate ALDH1A1, ALDH1A2 and ALDH1A3 subunit sequences were highly conserved 

throughout vertebrate evolution. Comparative amino acid substitution rates showed that 

mammalian ALDH1A2 sequences were more highly conserved than those of ALDH1A1 and 

ALDH1A3. Phylogenetic studies supported the hypothesis for ALDH1A2 as being the primordial 

gene originating in vertebrate genomes and undergoing sequential gene duplication to 

generate two additional genes, ALDH1A1 and ALDH1A3, in most vertebrate genomes (Figure 4) 

[7]. 

 

The ALDH1 family consists of six human ALDH genes: ALDH1A1, ALDH1A2, ALDH1A3, 

ALDH1B1, ALDH1L1 and ALDH1L2. The genomes of Rattus norvegicus (rat) and Mus musculus 

(mouse) contain an additional gene, Aldh1a7 which is 92 % identical to mouse Aldh1a1. 

Therefore, the rodent Aldh1a7 very likely arose as a gene duplication event after the 

mammalian radiation ~ 70 million years ago (mya) and then became fixed in the genome 

before the rat-mouse divergence ~ 17 mya [8].  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Hypothetical evolutionary appearance of the vertebrate ALDH1A-like genes. Note the presence of at 
least three ALDH1A-like genes throughout vertebrate evolution with the exception of some teleost fishes and the 
slower rate of sequence divergence for mammalian ALDH1A2 genes. Reproduced from [7]. 

slower divergence 

particularly for 

mammalian 

ALDH1A2 genes 

mammalian ALDH1A1 gene                              ALDH1A2 gene                                    ALDH1A3 gene 

vertebrate ALDH1A1 gene                                ALDH1A2 gene                                    ALDH1A3 gene 

Species specific 

gene duplication 

mouse ALDH1A7 
rat ALDH1A7 

marsupial ALDH1A1-
like genes 

ALDH1A1 gene 
loss in most 
teleost fish 
genomes but is 
present in 
several African 
fish genomes 

Gene duplication event 

ALDH1A3 

gene loss in 

some fish 

genomes 

ALDH1A-like gene (ALDH1A2) 
(invertebrate ancestor) 



 

- 23 - 
 

Introduction 

1.3 Structural and catalytic properties of ALDHs 

1.3.1 Structural properties 

The ALDH superfamily includes tetrameric and dimeric enzymes with subunits of 

approximately 55 kDa, having different subcellular localization: cytoplasm, mitochondria, 

endoplasmic reticulum, etc.  

 

The crystallographic structures of sheep ALDH1A1 [9] (PDB code 1BXS) and rat ALDH1A2 

[10] (PDB code 1BI9) show a subunit profile with three domains (Figure 5): an N-terminal 

NAD+-binding domain (residues 8-135 and 159-270 in sheep ALDH1A1 and residues 1-136 and 

161-270 in rat ALDH1A2), a catalytic domain (residues 271-470 and 271-484, respectively), and 

an oligomerization domain (residues 140-158 and 486-495 in sheep ALDH1A1, and residues 

137-160 and 485-500 in rat ALDH1A2). 

 

In sheep ALDH1A1, the N-terminal NAD+-binding domain and the catalytic domain contain a 

five-stranded parallel β-sheets and six-stranded parallel β-sheets, respectively. Both the NAD+-

binding and catalytic domains are based on topologically related βαβ type polypeptide folds. In 

turn, the oligomerization is made up by three-stranded antiparallel β-sheets (Figure 6) [9]. 

 

It is recognized that the nucleotide-binding domain of ALDH enzymes presents a unique 

mode of NAD+ binding that does not appear to be related to the canonical binding of this 

cofactor in the remaining NAD(P)-dependent dehydrogenases. The canonical binding of the 

cofactor in NAD(P)-dependent dehydrogenases exhibits a “fingerprint” sequence 

corresponding to the Gly-X-Gly-X-X-Gly (GXGXXG) residues [11]. This moiety is the 

characteristic pattern that reflect the turn at the end of the first β-strand in the first 

mononucleotide-binding unit of the Rossmann fold, which interacts with the adenine ribose of  

NAD+ [12]. Usually, NAD(P)-binding dehydrogenases contain a Rossmann fold in their 

dinucleotide-binding domains and in all cases, the pyrophosphate moiety of the dinucleotide 

makes close contact with the first β-α-β-α-β unit, specifically in the loop between β1 and αA, 

of the Rossmann fold (Figure 7) [13].  

 

An unusual feature observed in the crystallographic structure of bovine ALDH2 (PDB code 

1A4Z) reveals that the cofactor molecule binds across the N terminus of the αD helix instead of 

the αA helix. This difference may explain why an amino acid sequence corresponding to the 

Gly-X-Gly-X-X-Gly motif is not found in ALDH enzymes [14]. The linear sequence that most 

closely resembles this motif, Gly-Ser-Thr-Glu-Val-Gly (GSTEVG; residues 245-250) is localized in 
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the region where the cofactor is bound. The adenine ring makes van der Waals contacts with 

the side chains of residues Gly225, Pro226, Ala230, Val249, Leu252 and Ile165 in bovine 

ALDH2, which are conserved in the sheep ALDH1A1 and rat ALDH1A2 structures (Figure 8). No 

hydrogen bonds are formed between the protein and the adenine ring of the cofactor 

molecule. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. Stereoview showing the monomer subunit of (A) sheep ALDH1A1 (PDB code 1XBS) and (B) rat ALDH1A2 
(PDB code 1BI9). In both, the NAD

+
-binding domain is shown in red; the catalytic domain and the oligomerization 

domain are represented in yellow and bright orange, respectively. The nucleophile C302 (in ALDH2 nomenclature) is 
represented in sheep ALDH1A1 and rat ALDH1A2 monomers. Structural images were created using the program 
PyMOL (www.pymol.org). 
 

A 

C320 

C303 

B  

http://www.pymol.org/
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Figure 6. Alignment of sheep ALDH1A1 and rat ALDH1A2 amino-acid sequence. The conserved residues are 
highlighted in red. Residue substitutions by amino-acid with similar properties are highlighted in yellow. Non-
conservative residues are highlighted in white. Secondary structure elements, obtained from sheep ALDH1A1 crystal 
structure (PDB code 1BXS) are shown above the sequence: α-helices are displayed as squiggles; β-strands are 
rendered as arrows and strict α- and β- turns are displayed as TT [15]. 

 

Hydrogen-bonding interactions with the adenosine ribose are made by the sidechains of 

Lys192, Glu195 and the mainchain oxygen of Ile166, in both the ALDH1 and ALDH2 structures, 

whereas Glu399 makes two hydrogen bonds to the nicotinamide ribose [9,14]. Lys192 and 

Glu399 are two residues totally conserved in ALDH enzymes and mutations in these residues 

are responsible for the change on the rate-limiting step of ALDH2 from acetylation to hydride 

transfer. Although they are not involved in the catalytic chemistry, they are essential to ensure 

the correct hydride transfer [16,17].   

 

It is known that the nicotinamide half of the NAD+ adopts two major conformations in the 

sheep ALDH1A1 structure [9]. The nicotinamide ring of ALDH1A1 occupies nearly the same 

position as the nicotinamide ribose of ALDH2 (Figure 8B and C), and it corresponds with the 

less occupied conformation [14].  The major conformer includes a slight reorientation of the 

adenine phosphate being the structure displaced relative to that observed in bovine ALDH2.  

The reorientation of the major NAD+ conformer in ALDH1A1 results in a movement of over 5 Å 

for the nicotinamide ribose relative to bovine ALDH2. Indeed, the interactions between the 

nicotinamide ribose and the protein involve the same residues in both ALDH1A1 and ALDH2, 
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but the hydrogen bonds and van der Waals contacts that they form are different (Figure 8A) 

[9]. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7. Crystal structure of sheep ALDH1 complexed with NAD

+
 (PDB code 1BXS). Top view (A) and lateral view 

(B) of the cofactor
 
position in the interface of the NAD

+
-binding and catalytic domains. The nicotinamide ring is 

located near the nucleophile Cys 303. The NAD
+
-binding domain and the catalytic domains are shown in red and 

yellow, respectively. The NAD
+
 cofactor is represented in green.  

 

In sheep ALDH1A1, it has been possible to describe both cofactor conformations because a 

different electronic density has been detected and there is evidence of a discrete disorder in 

the nicotinamide half of NAD+. In their discussion of ALDH2 structure, the authors commented 

A 

B  

C303 

C303 
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that the conformation of the nicotinamide ring as seen is not possible for the entire catalytic 

cycle. It was suggested that the nicotinamide must change positions during the catalytic cycle 

and this suggestion would be consistent with the fact that the NAD+ is in a different 

conformation in sheep ALDH1, or that the nicotinamide ring is mobile in rat ALDH1A2 [18].  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8. NAD

+
-binding comparison between sheep ALDH1A1 and bovine ALDH2. (A) The refined coordinates of 

the ALDH1A1 NAD
+
 molecule (in yellow with standard atom colors) are superimposed with the ALDH2 NAD

+
 

molecule (in green). (A1) The NAD
+
 orientations are maintained on the surfaces (B) and (C). (A2) The NAD

+ 

orientations are showed from the frontal view of catalytic Cys. (B) and (C) The surface representation coloured by 
electrostatic potential of the NAD

+
-binding conformations of sheep ALDH1A1 (B) and bovine ALDH2 (C). In the 

bovine ALDH2 structure, the A1 conformation of NAD
+
 is the only observed, while for the sheep ALDH1 structure 

both NAD
+
 conformations can be detected, being the A2 the most frequent. 

 

Most of ALDHs characterized to date are specific for NAD+ [9,13,14,19,20]. Also available 

are the structures of bacterial enzymes described for NADP+-dependent ALDHs, such as the 

ALDH from Vibrio harveyi [21] and Streptococcus mutans [22]. The interaction between the 

NADP(H) phosphate group and the ALDH residues involves the formation of hydrogen bonds 

between the enzyme residues and the hydroxyl groups of the adenosine ribose [23]. In the 

case of ALDHs that bind NAD+ better than NADP+, there is a negatively charged amino acid 

residue (Glu or Asp) that would likely repeal the 2’-phosphoryl moiety of NADP+. Whereas, this 

A1                                  A2 

B                             C 
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residue is not negatively charged (Ala, Val, Leu, Ile, Thr or Cys) in ALDHs that preferentially bind 

NADP+ [24]. 

 

The substrate-binding pocket contains characteristic and differential features in ALDH1A 

and ALDH2 enzymes. This fact implies differences in the type of substrate used by each 

enzyme type. The size of the substrate access channel is a crucial determinant of ALDH1A and 

ALDH2 function. While ALDH2 shows a narrow channel that implies the ability to process small 

aldehydes, ALDH1A includes a large pocket that allows the catalysis of bulky aldehydes. The 

residue at position 124 serves as a selective gate for the aldehyde size and would determine 

the substrates that can access the active site [25]. In terms of evolution, longer and larger 

channels are associated with the loss of ancestral bulky residues (Met124), which have been 

replaced by smaller ones (Ala124 or Gly124) (Figure 9). Briefly, ALDH1A1 possesses a wider 

opening leading to the active site, whereas ALDH2 has a much more constricted, cylindrical 

shaped site [26]. Therefore, the rational design of selective inhibitors for these enzymes has to 

take advantage of the differences found in the distinct surface topologies described above.  

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9. Top view of the substrate access channel of human ALDH1A1 (A) and human ALDH2 (B). Crystal structure 
of human ALDH1A1 (PDB code 4WB9) exhibits a large substrate entrance channel by presence of small residue in 
the position 124 (Ala). However, the human ALDH2 (PDB code 1CW3) shows a narrow substrate-binding pocket by 
the evolutionary maintenance of a bulky residue in position 124 (Met). The bulky residues are in consonance with 
small substrate access channels and determine the substrate accommodation in the active site.  

 

Most ALDH enzymes share a high sequence identity in their cofactor-binding site and in the 

catalytic center. Structurally, most ALDH conserved characteristic catalytic residues, which 

consist of Asn169, Glu268 and Cys302 (human ALDH2 numbering). Based on the ALDH2 

sequence, site-directed mutagenesis has shown that Cys302 is the essential nucleophile for 
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C302 

N169 

E268 
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dehydrogenase reaction (Figure 10), with Glu268 acting as the proton acceptor to activate 

Cys302, and Asn169 having a role in the stabilization of the transition state intermediate [27].  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10. The active site of human ALDH2 in the vicinity of Cys302. Mutational analysis has shown that Glu268 
functions as a general base necessary for both non-physiological esterase activity and the normal dehydrogenase 
activity of ALDH2 [28]. The sidechain amide nitrogen of Asn169 and the peptide nitrogen of Cys302 are positioned 
to both stabilize the developing oxyanion in the thiohemiacetal transition state and to orient the thiohemiacetal for 
optimal hydride transfer to NAD

+
. Asn169 conserves specific interactions with the cofactor molecule and possibly 

with the transition state of the substrate [14]. 
 

1.3.2 Catalytic properties  

Most ALDHs are catalytically active proteins. The crystallographic structures of ALDHs have 

allowed to disclose the essential feature of their catalytic mechanism. The members of the 

ALDH1A subfamily are tetrameric cytosolic enzymes that catalyze the oxidation of the retinol 

metabolite, retinaldehyde, to retinoic acid [29,30]. In contrast, ALDH2 is the primary enzyme 

involved in the oxidation of acetaldehyde during ethanol metabolism [31]. The kinetic 

mechanism seems to be similar in all ALDHs. In general, ALDHs exhibit a sequential ordered bi-

bi mechanism, in which the oxidized cofactor first binds to the enzyme to allow the 

subsequent substrate attachment (Figure 11) [32,33]. 

 

 

 
Figure 11. Sequential ordered bi-bi mechanism to the irreversible reaction catalyzed by ALDHs. The oxidized 
cofactor binds first to the enzyme and allows substrate binding. When the oxidation reaction occurs, the product is 
released prior to the reduced cofactor. 
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The variability of residues in the substrate-binding site clearly indicates evolutionary 

substrate specificities of individual ALDHs. However, farther to the interior of the active site 

strict conservations are compatible with a common catalytic mechanism [13]. Site-directed 

mutagenesis experiments have revealed that catalysis occurs in sequential steps (Figure 12): 1) 

activation of the catalytic residue by abstraction of a proton from a water molecule between 

Cys302 and Glu268, 2) consequent nucleophilic attack on the electrophilic aldehyde by the 

thiolate group of Cys302, 3) formation of a tetrahedral thiohemiacetal intermediate 

(deacylation) with concomitant hydride transfer to the pyridine ring of NAD+, 4)hydrolysis of 

the resulting thioester intermediate, 5) dissociation of the reduced cofactor and 6) subsequent 

regeneration of the enzyme by NAD+ binding [34,35].  

 

It is well established that the cytoplasmic and mitochondrial ALDHs from a variety of 

mammalian sources also possess esterase activity toward 4-nitrophenyl esters. Cys302 is the 

essential nucleophile for both esterase and dehydrogenase reactions, with Glu268 acting as 

the general base to activate Cys302 [27,28]. Thus, the hydrolysis of p-nitrophenyl acetate has 

been shown to take place at the same catalytic center which is responsible for dehydrogenase 

activity (Figure 13). The hydrolysis of p-nitrophenyl esters by human ALDH was inhibited 

completely by glyceraldehyde and chloral hydrate, substrate and potent competitive inhibitor 

of the dehydrogenase activity, respectively [36]. 
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Figure 12. Catalytic mechanism of aldehyde oxidation based on ALDH2. The thiolate attacks the substrate carbonyl 
carbon (I), to form a transition-state tetrahedral intermediate with hydride transfer (II). Thus, the thioester (III) is 
poised for base catalysis initiated by abstraction of a proton from a water molecule between Cys302 and Glu268 (II 
and III), creating a second tetrahedral intermediate (IV). Collapse of this intermediate yields the product acid which 
may reprotonate the thiolate (V). The enzyme can bind reactants again (VI). Reproduced from [34]. 
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Figure 13. Hydrolysis mechanism of para-nitrophenyl esters. 1, Cys302 nucleophilic residue is activated from a 
basic residue, Glu268, by hydrogen abstraction in catalytic site. 2, the substrate p-nitrophenyl acetate is attacked by 
thiolate ion reaching the oxyanion intermediate formation. 3, the oxyanion intermediate reshuffles and 
nitrophenolic group leaves. 4, Glu268 residue extracts a hydrogen atom from neighboring ordered water molecule, 
which becomes a nucleophile attacking the thioacyl enzyme complex. 5, the tetrahedral intermediate formed is 
reorganized to release acetic acid and free enzyme. Reproduced from [35]. 

 

1.4 Human ALDH1A subfamily 

Within the superfamily of ALDHs, this Thesis focuses on the structural and kinetic features 

of some members of the ALDH1A subfamily: 

 

1.4.1 ALDH1A1 

The ALDH1A1 gene product, like ALDH1A2 and ALDH1A3, is a homotetramer with ~55-kDa 

subunits (Figure 14). ALDH1A1 is ubiquitously distributed in the adult epithelium of various 

organs including brain, cornea, lens, retina, liver and gastrointestinal tract [37,38]. Mouse and 

rat ALDH1A1 is one of the three highly conserved cytosolic enzymatic forms (together with 

ALDH1A2 and ALDH1A3) that catalyze the oxidation of the retinol metabolite, retinaldehyde, 

to retinoic acid [29,30] and is often referred to in the literature as RALDH1. The in vivo role of 

human ALDH1A1 in retinoic acid synthesis is evidenced in the human brain, where ALDH1A1 is 

highly expressed in dopaminergic neurons of various areas, including medulla, striatum, 
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cerebellum and cortex [39], specifically ALDH1A1 is very highly expressed in human 

dopaminergic cells of the substantia nigra and ventral tegmental area, which are known to 

require retinoic acid for their differentiation and development [40]. In addition, rodent 

ALDH1A1 is one of the major enzymes involved in the elimination of ethanol metabolite, 

acetaldehyde, with Km values of 50-180 μM [41]. Therefore, ALDH1A1 has been implicated in 

several alcohol-related phenotypes including alcoholism and alcohol sensitivity. Ethanol, 

through its active metabolite acetaldehyde, has been shown to interfere with the metabolism 

of biogenic aldehydes including 3,4-dihydroxyphenylacetaldehyde (DOPAL) over the 

competitive inhibition of ALDH1A1, and other ALDHs, such as ALDH2 and ALDH1B1 [42]. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 14. Human ALDH1A1 crystallographic structure (PDBe rendering based on 4WB9). The image shows the 
homotetramer with the individually colored subunits in green, yellow, pink and blue. 

 

Furthermore, ALDH1A1 is one of the 139 genes that are differentially expressed in primary 

human hematopoietic stem cells and, through the production of retinoic acid, ALDH1A1 has 

been shown to promote their differentiation [43,44]. It is widely used as a marker for normal 

and cancer stem cells, playing an important biological role in the metabolism of reactive 

oxygen species (ROS). Primitive quiescent cells exhibit low levels of ROS, while intracellular 

ROS increases imply proliferation and differentiation. However, an excess of ROS production or 

exposure leads to premature apoptosis. Particularly, ALDH1A1 plays a relevant role in tight 

regulation of ROS production by detoxification of strongly electrophilic and reactive 

compounds, which include 4-hydroxynonenal, acrolein and malonaldehyde [45]. Therefore, it 

has a key function in the cellular defense against oxidative stress. Similarly to other ALDHs, 

ALDH1A1 may also play an important role in cancer chemoresistance. Thus, it decreases the 

effectiveness of some oxazaphosphorine anticancer drugs, by detoxifying their major active 
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aldehyde metabolites [46]. In this area, it is admitted that ALDH1A1 binds some anticancer 

drugs and is downregulated in certain carcinomas [47]. Finally, aside from aldehyde 

metabolism, ALDH1A1 possesses esterase activity [36], binds thyroid hormone [48] and is 

induced by estrogens [49], suggesting it may be regulated by or involved in hormone signaling. 

 

1.4.2 ALDH1A2 

ALDH1A2 is a cytosolic homotetramer with 56.7-kDa subunits (Figure 15) expressed 

ubiquitously in various embryonic and adult tissues including brain, digestive tract, lung, heart, 

testis, ovary, endometrium, pancreas, liver and many others [50,51]. ALDH1A2, often referred 

to as RALDH2 in the literature, exhibits complex expression patterns throughout embryonic 

development. This suggests that ALDH1A2 plays an important role in retinoid metabolism 

during embryonic development where it is considered to be the major retinoic acid-

synthesizing enzyme during early embryogenesis [52]. 

 

Human ALDH1A2 is one of the least characterized and understood ALDH enzymes. Only two 

crystal structures of human ALDH1A2 are known to date, human ALDH1A2 liganded with NAD+ 

(PDB code 4X2Q) [53] and human ALDH1A2 liganded with NAD+ and compound WIN 18,446 

(PDB code 6ALJ) [54]. Previously, a rat ALDH1A2 with NAD+ bound crystal structure was 

reported (PDB code 1BI9) [18]. The rat and human ALDH1A2 holoenzymes (PDB code 1BI9 and 

4X2Q, respectively) exhibit a large disordered loop region including residues 475-495, which 

border the active site. In the ternary complex with the compound WIN 18,446 (PDB code 6ALJ), 

this loop displays a well-defined regular structure, may be by the intermolecular interactions 

with the small molecule inhibitor [54]. 

 

Until a few years ago, only the kinetic constants of rodents ALDH1A2 had been reported 

[55]. However, a study that reveals the kinetic parameters of human ALDH1A2 has recently 

been published [56]. Unlike what happens in rodent ALDH1A enzymes, where published results 

demonstrated that ALDH1A2 is the most efficient form in the irreversible oxidation of all-trans-

retinaldehyde [29,30], there are no conclusive data on which is the most efficient form of 

human ALDH1A enzyme in the retinoic acid production.  This is related with the fact that the 

different reports used a variety of methodologies to determine the kinetic parameters of 

human RALDHs with the physiological substrate all-trans-retinaldehyde.  
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Figure 15. Human ALDH1A2 crystallographic structure (PDBe rendering based on 6ALJ). The image shows the 
homotetramer with the individually colored subunits in green, yellow, pink and blue. 
 

ALDH1A2 may be a susceptible target for tumor suppression since it is expressed in 

epithelia from normal prostate but not in prostate cancer [57]. Furthermore, retinoic acid 

synthesis by ALDH1A2 promotes differentiation, cell growth arrest and apoptosis [58]. These 

findings implicate Aldh1a2 as a candidate tumor suppressor gene in prostate cancer and 

further support a role of retinoids in the prevention or treatment of this cancer type.  Besides, 

human ALDH1A2 is specifically involved in testicular retinoic acid biosynthesis, which is 

essential in spermatogenesis. Thus, ALDH1A2 is responsible for developing germ cells in men 

and is known that the protein levels were reduced in infertile men testes when compared with 

testicular tissue from men with normal spermatogenesis [59]. 

 

1.4.3 ALDH1A3 

ALDH1A3 is a cytosolic homotetramer with 56-kDa subunits (Figure 16) and is expressed in 

an organ- and tissue-specific manner at low levels in most of them but in higher levels in the 

salivary gland, stomach, breast, kidney and fetal nasal mucosa [60,61]. ALDH1A3 is often 

referred to as the third retinaldehyde dehydrogenase, RALDH3. Similar to ALDH1A2, rodents 

ALDH1A3 participates in the retinoic acid biosynthesis and plays an important role in 

embryonic development [62]. A number of studies have demonstrated that ALDH1A3 

deficiency may play a critical role in cancer. Thus, ALDH1A3 is one of the genes that are 

upregulated by induction of wild-type p53 in cultured human colon cancer cells [63]. 
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Figure 16. Human ALDH1A3 crystallographic structure (PDBe rendering based on 5FHZ). The image shows the 
homotetramer with the individually colored subunits in green, yellow, pink and blue. 

 

Additionally, ALDH1A3 is highly expressed in pancreatic [64] and ovarian [65] cancers but it 

is not expressed in the corresponding normal tissue samples. Moreover, ALDH1A3 is 

methylation-silenced in gastric cancer cells [66] and induced by the antitumor agent 

interleukin 13 (IL-13) cytotoxin in glioblastoma cells [67].  In summary, ALDH1A3 expression is 

regulated by many factors, and it is associated with the development, progression and 

prognosis of cancers. In addition, ALDH1A3 influences a diverse range of biological 

characteristics within cancer stem cells and acts as a marker for these cells. Thus, growing 

evidence indicates that ALDH1A3 has the potential to be used as a target for cancer diagnosis 

and therapy [68]. Besides the important role of ALDH1A3 in cancer regulation, is essential to 

mention the critical effect of ALDH1A3 in embryogenesis. Thus, a missense mutation in 

ALDH1A3 caused anophthalmia/microphthalmia, rare developmental anomalies resulting in 

absent/small ocular globes, respectively [69].  

 

1.4.4 ALDH2 

The ALDH2 gene product is a mitochondrial matrix homotetramer with 56.4-kDa subunits 

(Figure 17). Based on the current nomenclature system, ALDH2 should be considered a 

member of the ALDH1A subfamily, since it shares more than 60% sequence identity. However, 

it was integrated in the ALDH2 family owing to the amount of literature regarding this enzyme 

as ALDH2. The human ALDH2 has a broad expression pattern and is constitutively expressed in 

a variety of tissues including kidney, liver, heart, brain and lung [2]. 
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Apparently, in human liver, only mitochondrial ALDH oxidizes acetaldehyde at physiological 

concentrations. In fact, ALDH2 is the major enzyme involved in the oxidation of acetaldehyde 

during ethanol metabolism [31]. It has been shown that about 50% of the Asian population is 

deficient in mitochondrial ALDH and these individuals possess a variant form of ALDH2, 

resulting from a single base pair mutation G/C  A/T, causing the E487K substitution and the 

consequent functional inactivation of ALDH2 under physiological conditions [70]. This variant, 

named ALDH2*2, induces adverse reactions in those who drink alcohol and alcohol toxicity 

occurs due primarily to acetaldehyde accumulation effects [71].  This fact implies a decrease in 

the alcoholism rate in Asian individuals in comparison with the global population [72]. 

However, it has been demonstrated that the ALDH2*2 allele is robustly associated with the 

development of certain types of cancers, including oropharyngolaryngeal, esophageal, 

stomach, colon, lung, head and neck cancers [73,74]. 

 

ALDH2 is an important enzyme involved in the bioactivation of nitrates, acting as a nitrate 

reductase [75]. Related to the nitrates metabolism, ALDH2 is the major enzyme responsible for 

the activation of nitroglycerin, which is used in the treatment of angina and heart failure [76]. 

The variant ALDH2*2 is associated with an absence of nitroglycerin efficacy in Chinese patients 

[77], with myocardial infarction in Korean patients [78], and with hypertension in Japanese 

patients [79]. 

 

 

 

 

 

 

 

 

 

 

Figure 17. Human ALDH2 crystallographic structure (PDBe rendering based on 1CW3). The image shows the 
homotetramer with the individually colored subunits in green, yellow, pink and blue. 
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1.4.5 Rate-limiting step and effect of magnesium ions 

For the dehydrogenase reaction of human mitochondrial ALDH2, deacylation of the acyl 

intermediate is rate limiting, while the rate-determining step for the human cytosolic ALDH1A1 

is the NADH release [80].  This general statement is accepted with nuances. The establishment 

of the rate-limiting step in the various members of the ALDH superfamily has been directly 

associated to the effect of divalent cations, specifically Mg2+, on the enzymatic activity of 

ALDHs. The pioneering reports on this field were carried out with horse liver mitochondrial 

ALDH, in which it was possible to determine by steady-state kinetic analysis, that in the 

absence of Mg2+ ions, the enzyme exhibits half-of-the-sites reactivity functioning as a dimeric 

enzyme, while in presence of magnesium ions, the tetrameric form of the enzyme possesses 

all-of-the-sites reactivity. In addition, the metal is responsible for the dissociation of tetramer 

in dimers [81]. It seems that the activation mechanism of the enzyme by Mg2+ ions could be 

associated with the change in the number of functional subunits, rather than with an 

alteration of the catalytic properties of existing active sites. For the enzyme-catalyzed 

hydrolysis of p-nitrophenyl acetate, formation of the acyl intermediate is the rate limiting step 

[82].  

 

However, in the presence of NAD+, the deacylation step for the esterase reaction also 

becomes rate limiting [81]. Saturating concentrations of either NAD+ or NADH increased both 

the Michaelis constant and Vmax values for p-nitrophenyl acetate. NAD+ produced the most 

striking increase in the Michaelis constant, more than 2-fold, while NADH produced a smaller 

but significant increase [36]. 

 

In other species, the effects of divalent cations on the ALDH enzymatic activity have been 

described. The sheep liver cytoplasmic ALDH is strongly inhibited by Mg2+, Mn2+ and Ca2+ ions. 

In particular, concentrations in the micromolar range of these divalent cations imply a potent 

inhibition of the enzyme but do not produce a change in the number of functional subunits 

[83]. Pre-steady-state kinetic studies displayed that magnesium ions had no effect on the NAD+ 

and NADH binding ratios. However, the dissociation constants for E·NAD+ and E·NADH were 

significantly decreased in the presence of MgCl2 [84]. The esterase activity of sheep liver 

cytoplasmic enzyme with p-nitrophenyl acetate as a substrate, is not altered by Mg2+ 

concentrations that exhibit a total inhibitory effect on dehydrogenase activity [85]. The 

esterase activity of horse liver enzyme is not altered by Mg2+, Ca2+ or other divalent ions [86]. 

The dehydrogenase activity of human mitochondrial ALDH2 was increased 2-fold in the 

presence of low Mg2+ ion concentrations (120-140 μM) [87]. An increase in the Km value for 
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NAD+ was observed simultaneously to the increase of Vmax when the concentration of Mg2+ 

ions was raised. 

 

Thus, it is reliable to state the appearance of alterations in the catalytic properties of the 

enzyme. The pre-steady state burst observed for NADH was increased in the presence of Mg2+, 

suggesting that the rate-limiting step of the dehydrogenase reaction is altered by Mg2+ ions. In 

the human mitochondrial enzyme, no alterations were found in the molecular weight 

properties, which indicates that the mechanism by which the human mitochondrial ALDH is 

activated by Mg2+, is different from that of the horse mitochondrial enzyme, with the 

dissociation of the tetramer into dimers [87]. 

 

The human cytosolic ALDH1A1 is inhibited by magnesium ions while the human 

mitochondrial ALDH2 is activated. In the cytosolic form, where the NADH cofactor release is 

the rate-limiting step of the reaction, the Mg2+ ions are responsible of the binding between 

enzyme and cofactor in the binary complex formed. The effect mentioned above is explained 

by the fact that the dissociation constants for both NAD+ and NADH cofactors were 

significantly decreased in the presence of MgCl2 [80]. In turn, the human mitochondrial 

enzyme is activated by magnesium ions since the rate-determining step of the reaction is the 

deacylation, in which the carboxylic acid generated is released from the ternary complex 

enzyme-NADH-carboxylic acid [88]. 

 
 

1.5 Retinoids 

The term “retinoid” is used to refer to a wide range of compounds derived from vitamin A 

(retinol), were they natural o synthetic, with or without biological activity. Retinoids were 

defined as molecules composed of four isoprenoid units joined head-to-tail. Thereby, both the 

precursors and the derived products of retinoids may be monocyclic compounds containing 

five conjugated double bonds and a functional group at the distal end of the acyclic portion of 

the molecules [89]. Vitamin A and its derivatives have many important functions throughout 

the organism including roles in visual cycle (acting as chromophores) and participate in many 

essential biological processes such as cell proliferation and differentiation, fetal and adult 

tissue development and activation of tumor suppressor genes. Some retinoids are very 

irritating to the skin and some are highly teratogenic. Hence, when large amounts of retinoids 

are handled, adequate care should be taken to avoid their undesirable toxic effects. 
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1.5.1 Chemical structure of retinoids 

The general structure of retinoids is divided into three domains: a trimethylated 

cyclohexene ring named β-ionone, a conjugated tetraene side chain, and a polar group which 

may exhibit different oxidation states: alcohol, aldehyde and acid (resulting in retinol, 

retinaldehyde and retinoic acid, respectively, Figure 18). In the parent retinoids, all the double 

bonds are in a trans (or E) configuration. The different configuration (cis or Z configuration) of 

the double bonds of the aliphatic chain leads to the formation of isomers, which are described 

by using the lowest numbered carbon in the double bond affected. Retinoids are unstable 

molecules being readily oxidized and/or isomerized to altered compounds, especially in the 

presence of oxidants including air and excessive heat. They are labile toward strong acids and 

solvents containing oxygen or peroxides and are degraded by light, which yields to 

isomerization of double bonds. For this reason, they have to be manipulated under inert 

atmosphere and red or dim light [90]. 

 

 

 
 
 
Figure 18. Chemical structure of retinoids. The carbon numbering and the carbon-oxygen functional group (1R: 
retinol; 2R: retinaldehyde; 3R: retinoic acid), are shown. 
 
 

1.5.2 Vitamin A absorption, transport and metabolism 

Vitamin A is an essential micronutrient and hence must be acquired from the diet, either as 

retinyl esters or retinol from animal sources, or as provitamin A carotenoids from fruits and 

vegetables, mainly as β-carotene [91]. The two most abundant preformed retinoids in the diet 

are retinol and retinyl esters. Provitamin A carotenoids are absorbed intact by the intestine. 

Thus, β-carotene can be directly absorbed by passive diffusion or through facilitated transport 

into the cells, being able to accumulate in blood and tissues. However, retinyl esters are 

unable to enter the intestinal mucosa and must be hydrolyzed by a luminal retinyl hydrolase to 

yield free retinol or can be also hydrolyzed in the intestinal lumen by non-specific pancreatic 

enzymes [92]. In the enterocyte, β-carotene is converted to retinaldehyde by β-carotene-

15,15’-oxygenase 1 (BCO1), which cleaves β-carotene at its central double bond (15,15’) to 

yield two symmetric molecules of all-trans-retinaldehyde [93]. A significant amount of β-

carotene enters uncleaved in the circulation and can be metabolized by BCO1 in the peripheral 

tissues [91].  Inside the enterocyte, all-trans-retinaldehyde is then reduced by one or more 

retinaldehyde reductases, such as SDRs and AKRs, to retinol, which can bind to cellular retinol-

binding protein type II (CRBP2). Besides, retinol is then esterified with long-chain fatty acids 
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through the action of lecithin:retinol acyltransferase (LRAT) for incorporation into 

chylomicrons and it is transported to the liver parenchymal cells, where it is captured by 

specific receptors and transferred to stellate cells for storage (Figure 19). CRBP2 plays a 

primary role in the regulation of retinol absorption in the enterocytes and its intercellular 

metabolism [94,95].  

 

When retinoids are required in the peripheral tissues, retinyl esters are hydrolyzed to 

retinol by retinyl ester hydrolase (REH) [96]. Then, retinol is transported into circulation bound 

to retinol binding protein (RBP). The retinol-RBP complex is secreted from the hepatocyte into 

the circulation to allow for retinol delivery to retinoid-dependent peripheral tissues and is 

found in the blood as a complex with the thyroxine-binding protein transthyretin (TTR), which 

stabilizes the retinol-RBP complex, thereby reducing renal filtration of RBP and allowing the 

RBP recycling when retinol is taken into cells [97]. The transport of retinol across cell 

membranes is mediated by a multi-transmembrane domain protein that represents a new type 

of cell-surface receptor stimulated by retinoic acid 6 (STRA6), which has nine transmembrane 

domains, five extracellular domains and four intracellular domains [98]. There are numerous 

hypotheses on the mechanism of STRA6-mediated cellular vitamin A uptake from RBP [99–

101] but is well established that this process is not an example of primary active transport 

because STRA6 has no ATP-binding domain. A remaining possibility is a channel/facilitative 

transport, which depends on the electrochemical gradient of the free ligand.  However, retinol 

is not a free substrate but is bound with high affinity to RBP (Figure 19). In summary, the 

mechanism by which retinol penetrates across cell membranes is subject to controversy, since 

the STRA6 mechanism is distinct from all known cellular uptake mechanisms [100]. 

 

1.5.3 Biosynthesis of all-trans-retinoic acid from retinol  

Retinoids are transported and stored mainly in the form of retinol and retinyl esters, 

respectively. However, retinoic acid represents the actual form of vitamin A with the most 

potent biological activity. The major established pathway of retinol activation involves 

mobilization of retinyl esters, reversible conversion of the released retinol into retinaldehyde, 

and irreversible conversion of retinaldehyde into retinoic acid [102]. 

 

The biosynthesis of retinoic acid from retinol involves two oxidative reactions. Firstly, 

retinol is oxidized to retinaldehyde and then, a second oxidation reaction takes place, in which 

the irreversible oxidation of retinaldehyde to retinoic acid occurs. The first step, the oxidation 

of retinol to retinaldehyde, is generally considered to be rate limiting [103]. A wide variety of 
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enzymes, including members of several oxidoreductase superfamilies, participate in these two 

oxidative steps: SDRs, ADHs, AKRs and ALDHs (Figure 19). The SDR superfamily includes a 

group of microsomal enzymes that can oxidize retinol (NAD+-dependent forms) and reduce 

retinaldehyde (NADP+-dependent forms). Different families of SDRs have been implicated in 

the regulation of retinoic acid homeostasis. Interestingly, although the enzymes from different 

families share the ability to recognize retinol and retinaldehyde as substrates, their protein 

sequence are quite diverse (30% overall sequence identity). These significant differences in 

primary structures are reflected in the distinct profiles of substrates and cofactor specificities 

characteristic for each type of retinoid-active SDRs [104]. The retinol dehydrogenase 10 

(RDH10) is the major SDR enzyme responsible for retinoic acid biosynthesis in embryo [105]. 

Although RDH10 is bidirectional in vitro, in the cells the enzyme acts unidirectionally in the 

oxidative direction, increasing the levels of retinaldehyde and retinoic acid, promoting cell 

differentiation and development [103]. The cytosolic retinoid-active ADHs are NAD+-

dependent enzymes that oxidize different retinoid isomers in vitro. The current consensus 

appears to be that the ADH enzymes may contribute to the oxidation of retinol postnatally in 

specific tissues during vitamin A excess (ADH1) or deficiency (ADH4). Specifically, ADH1 and 

ADH2 are the major medium-chain dehydrogenases/reductases (MDR) in liver retinol 

detoxification, while ADH3 (less active) and the most active ALDH4 participate in retinoic acid 

biosynthesis in tissues [106]. The spatiotemporal expression pattern of ADH1 and ADH4, and 

their co-localization with the onset of retinoic acid signaling in the embryonic development of 

mouse, suggest an active role of these enzymes in the synthesis of retinoic acid [107,108]. 

AKRs are NADPH-dependent enzymes that display activity with retinoids and have a clear 

preference for retinaldehyde reduction. The human activity was found for the first time in 

AKR1B1 and AKR1B10 enzymes [109–111]. It is well established that AKR1B10 is a diagnostic 

marker of non-small cell lung cancer, where it is found overexpressed. Moreover, an 

overexpression of AKR1B10 would decrease the amount of retinoic acid that could be formed, 

promoting metaplasia [112]. Thus, the high efficiency of AKR1B10 to reduce retinaldehyde has 

been proposed as a possible mechanism involved in the development of various types of 

carcinoma, and as a protein that could act at pre-receptor stage, regulating the amount of 

retinoic acid available for retinoic acid receptors (RAR) and retinoid X receptors (RXR) [113]. 

The irreversible NAD+-dependent oxidation of all-trans-retinaldehyde to retinoic acid is carried 

out by members of the ALDH superfamily (Figure 19). In humans, it is unknown which ALDH 

displays the highest catalytic efficiency in retinaldehyde conversion to retinoic acid. Thereby, 

an objective of this Thesis will be to uncover this incognita. However, some studies have 

revealed that ALDH1A2 is the enzyme that displays the greatest catalytic efficiency in rodents 
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[114]. The physiological role of cytochrome P450 family 26 (CYP26) in the irreversible oxidation 

of retinoic acid to degradation products seems to exhibit significance. In addition, cytochrome 

P450 family 1A1 (CYP450 1A1) is highly effective in hydroxylating both all-trans- and 13-cis 

retinaldehyde, indicating that this isoform may be responsible for much of the P450-mediated 

retinoid metabolism [115]. 

 

Our group compared the catalytic constants with retinoids of members of the SDR, MDR 

and AKR superfamilies, determined with the same methodology that is solubilization of 

retinoids in presence of bovine serum albumin (BSA) and detection by HPLC, for the first time 

[109]. To complete the study of the metabolic pathway of retinoids, this Thesis aims to 

perform an exhaustive and robust structural and kinetic analysis on the enzymes involved in 

the irreversible oxidation of retinaldehyde to retinoic acid. 

 

1.5.4 Retinoic acid 

Almost 70 years ago, retinoic acid was defined as the biologically active form of vitamin A. 

However, its role and mechanism of action still generate an important interest in the clinical 

and scientific fields [116,117].  Once retinoic acid is formed within the cell, it is mainly bound 

to the cellular retinoic acid binding proteins (CRABPs) and transported to the nucleus (Figure 

19). CRABP I and II transport only all-trans-retinoic acid, which has a higher affinity for CRABP I 

[118]. Retinoic acid regulates gene expression and exerts its pleiotropic effects mainly through 

the activation of two classes of nuclear ligand-dependent activators, RARs and RXRs, both with 

their respective subtypes α, β and γ. While RARs are activated by both all-trans- and 9-cis-

retinoic acid, the RXRs are exclusively activated by the 9-cis isomer [119]. Whereas RAR only 

can form homodimers or heterodimers with another retinoic acid receptor (RAR itself or RXR), 

RXR can dimerize with other nuclear receptors: chicken ovalbumin upstream promoter-

transcriptional factor II (COUPTFII) and thyroid hormone receptor (TR), among others. Once 

the receptor has bound retinoic acid, it forms a dimer and it becomes active. These dimers 

bind to retinoic acid response elements (RAREs) located in the promoters of retinoic acid 

target genes. Ligand binding induces a conformational change in the receptor homodimers and 

heterodimers which promotes gene transcription. RAREs can be occupied by RAR, RXR, 

COUPTFII, hepatocyte nuclear factor 4α (HNF4α) and peroxisome proliferator-activated 

receptor β/δ (PPAR β/δ) as homo or heterodimers, and their complex interaction can lead to 

significant differences in the expression of their target genes in various tissues [120,121].  
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Abundant evidence shows that retinoic acid, via various RAR signaling pathways, inhibits 

cell-cycle progression in a variety of human cancer cells. Generally, retinoic acid causes a block 

in the in the G1 phase of the cell cycle acting as a tumor suppressor. Moreover, retinoic acid 

induces apoptosis in various human cancer cells, such as melanoma and ovarian 

adenocarcinoma, hepatoma, breast and lung cancer. Accordingly, based on their ability to 

promote cell-cycle arrest and induce the process of apoptosis, retinoid acid could be useful 

drug for the treatment of numerous human cancers [122,123]. Moreover, retinoic acid 

enhances mitosis and cell proliferation in keratinocytes and oligodendrocytes, through the 

PPAR β/δ signaling pathways.  

 

Thus, retinoic acid could inhibit cell growth, as in cancer cells, by binding to RAR, and 

stimulate, in keratinocytes, cell proliferation with antiapoptotic actions binding through PPAR 

β/δ [124]. Besides, retinoic acid is also involved in regulating lipid and sugar metabolism and 

insulin responses. Hence, the signaling pathways in adipose tissue and muscle results in 

upregulation of multiple protein that enhance lipid oxidation, mitochondrial respiration and 

sensitization of cells to insulin signaling [125]. Finally, retinoic acid could decrease the severity 

of tissue inflammation with therapeutic effects. It was demonstrated that retinoic acid is 

required for terminal differentiation of myeloid cells such as neutrophils, and it is essential in 

the optimal maintenance of phagocytic activities. Therefore, retinoic acid is necessary in those 

tissues that constantly are providing stimulatory signals for the immune system [126]. 

 

1.5.5 Carotenoids: biosynthesis, metabolism and physiological role 

Carotenoids are lipophilic pigments synthesized by plants, microorganisms and some 

animals but not by humans. They consist of polyisoprenoid structures typically containing a 

series of conjugated double bonds in the central chain of the molecule, which makes them 

susceptible to oxidative cleavage and isomerization from trans to cis forms, with the formation 

of potentially bioactive metabolites. They can be broadly divided into two classes of chemical 

compounds: carotenes (e.g., β-carotene and lycopene) and their oxygenated derivatives 

termed xanthophylls (e. g., lutein, zeaxanthin and cryptoxanthin).  

 

β-Carotene is a naturally-occurring retinol precursor and it can be metabolized in mammals 

via two enzymatic pathways (Figure 20). Briefly, β-carotene can be cleaved symmetrically by β-

carotene 15,15’-oxygenase (BCO1) yielding two retinaldehyde molecules, that can be further 

oxidized to all-trans retinoic acid by ALDHs (as described above in section 1.7.2). For 

provitamin A carotenoids, such as β-carotene, α-carotene and β-cryptoxanthin, central 
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cleavage is a major pathway leading to vitamin A formation [127]. The second pathway of β-

carotene cleavage is called the eccentric cleavage and it occurs by β-carotene 9’,10’-oxygenase 

(BCO2). It acts on 9’,10’ double bond of the polyene chain of β-carotene to produce β-apo-10’-

carotenal and β-ionone [128] (Figure 20). Eccentric cleavage at other double bonds, catalyzed 

or non-catalyzed, seems also possible (Figure 20). Within carotenoids, the term apo-carotenoid 

is used to designate those with a backbone of less than 40 carbon atoms [129]. β-carotene is 

the most effective provitamin A carotenoid in the context of BCO1 cleavage, since the enzyme 

catalyzed the oxidative cleavage of β-carotene with Km = 17 μM and catalytic efficiency, kcat/Km 

= 6098 M−1·min−1. The enzyme also catalyzed the oxidative cleavage of compounds which 

contain at least one non-substituted β-ionone ring, such as α-carotene, β-cryptoxanthin and 8’-

apo-β-carotenal, to yield retinaldehyde.  

 

The catalytic efficiency values of these substrates are lower than that of β-carotene. With 

the shorter apo-β-carotenals (10’-apo-β-carotenal, 12’-apo-β-carotenal and 14’-apo-β-

carotenal), the enzyme does not show Michaelis-Menten behavior [130]. Although BCO1 

functions as a major enzyme in vitamin A production, BCO2 is considered an alternative 

pathway for forming vitamin A. Moreover, BCO2 displays a much broader substrate specificity 

for carotenoid metabolism as compared to BCO1, since lutein, lycopene, β-cryptoxanthin and 

zeaxanthin could be cleaved by BCO2, leading to the formation of β-ionone and 10’-apo-β-

carotenal. Interestingly, the production of 10’-apo-β-carotenal was significantly affected when 

the concentration of ferrous iron decreased. Thus, iron is a necessary cofactor for this 

enzymatic cleavage [127].  

 

Different human BCO2 isoforms possess a cleavable N-terminal leader sequence critical for 

mitochondrial import. However, β-carotene is retained predominantly in the cytoplasm. 

Accordingly, there is some evidence confirming a compartmentalization of carotenoid 

metabolism that prevents competition between BCO1 and BCO2 for the provitamin and the 

noncanonical β-carotene metabolites [131]. 

 

Apo-β-carotenoids have been detected in some foods and in the blood of both human and 

experimentation animals. The 8’-apo-β-carotenal was detected in plasma after ingestion of β- 

carotene in a healthy human subject [132], while another assay found that 13’-apo-β-

carotenone was present in a human plasma [133].  The biological functions of apo-β-carotenals 

and apo-β-carotenones in mammals are partially unknown. However, some studies have 

demonstrated that these compounds could interact directly with the ligand binding site of the 
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retinoid receptors, establishing a high affinity competition with retinoic acid for binding to the 

receptors.  
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In a recent study, the authors observed a progressive shift in the all-trans-retinoic acid 

dose-response curve with increasing concentrations of 13’-apo-β-carotenone in the nanomolar 

range. Higher concentrations of all-trans-retinoic acid were able to overcome inhibition by 13’-

apo-β-carotenone, suggesting direct competition between the two compounds for binding 

[133]. 

 

In turn, 14’-apo-β-carotenal, but no other structurally related apo-β-carotenals, represses 

PPAR and RXR activation, and biologic responses induced by their respective agonists both in 

vitro and in vivo. Specifically, during adipocyte differentiation, 14’-apo-β-carotenal inhibited 

PPARγ target gene expression and adipogenesis and suppressed PPARα responses, including 

target gene expression and its anti-inflammatory effects [134]. Recently, it has been described 

that the BCO2 activity towards β-carotene would act as a defense mechanism in front of the 

induced damage by β-carotene, which could impair mitochondrial respiration and induce 

oxidative stress [135]. In addition, apo-β-carotenals are a retinoic acid source through 

oxidation to acid or by β-oxidation [136]. Enzymes for the oxidation to acid have not been 

described, but ALDH1A forms are possible candidates. In this regard, it is important to note 

that this Thesis described for the first time an enzymatic in vitro assay with the purified 

enzymes from the ALDH1A subfamily to determine their kinetic parameters with apo-β-

carotenals. 

 
 

1.6 Physiological role of ALDH 

Most of the ALDHs have a wide tissue distribution and display distinct substrate specificity 

and different type of functions (Figure 21).  The physiological role of some ALDHs, such as 

ALDH1A1, ALDH1A2 and ALDH1A3, involves the conversion of several metabolites that are 

essential in the organism. Specifically, these enzymes catalyze the irreversible oxidation of 

retinaldehyde to retinoic acid [114,137,138]. Considering the role of retinoic acid, it should be 

noted that retinoic acid isomers, all-trans and 9-cis-retinoic acid, serve as ligands for RAR and 

RXR, which modulate the gene expression for growth and development [139,140]. 

 

The generation of γ-aminobutyric acid (GABA) is an additional relevant function of ALDHs 

with regard to regulation of many critical metabolic pathways [141].  In addition to enzymes 

from ALDH1A subfamily, other ALDHs such as ALDH3A1 and ALDH2 catalyze ester hydrolysis 

[142] and the mitochondrial form also exhibits nitrate reductase activity, leading the 

production of cyclic guanosine monophosphate (cGMP) that results in vasorelaxation [143]. 

Among the non-catalytic activities of ALDHs, other functions for ALDH1A have been described 
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such as a binding protein to cholesterol, androgens, thyroid hormone [3], flavopyridol, 

daunorubicin and acetaminophen [144]. Together with other ALDHs, such as ALDH3A1, the 

members of ALDH1A subfamily, ALDH1A1, ALDH1A2 and ALDH1A3, generate NADH (NADPH in 

the ALDH3A1 instance) contributing to cellular homeostasis and maintaining redox balance 

[145]. 

 

Some allelic variants in ALDH genes are associated with distinct pathological conditions in 

humans and rodents [146], including Sjögren-Larsson syndrome, type II hyperprolinemia, γ-

hydroxybutyric aciduria, cancer and alcohol-related disease. Finally, it was demonstrated the 

structural function of ALDH3A1 and ALDH1A1 in the mammalian cornea and lens crystallins 

[147]. 

Figure 21. Multiple functions of ALDHs enzymes. The scheme shows the functional diversity of the ALDH 
superfamily of enzymes, which participate in catalysis and act as binding proteins of endobiotic and xenobiotic 
compounds. In addition, ALDHs exhibit antioxidant effects, through the production of NAD(P)H, and structural 
support functions in the ocular system. 

 

1.7 Role of ALDH1A enzymes in embryogenesis 

At least the three RALDHs have been identified in human, mouse and Xenopus, with 

different physiological functions in embryogenesis [148]. ALDH1A1 is highly expressed in the 

dorsal retina of mouse embryo [52]. The knockout of ALDH1A1 did not severely affect the 

morphology of the retina [149], indicating that other enzymes might redundantly share the 

function of ALDH1A1.  

ALDH1A2 was identified in human, mouse, chick, zebrafish and Xenopus embryonic tissues 

[150]. Genes belonging to retinoic acid metabolic and signaling pathways are targets for 

investigation as direct causal agents, or modifiers of congenital heart disease. Among 

ALDH1As, ALDH1A2 is the major form involved in early embryonic and in cardiac development 

[151]. Non-conservative ALDH1A2 mutations are associated with rare cases of human 
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congenital heart disease [152]. However, it is also well known that the ALDH1A2 

haploinsufficiency causes a defective retinoic acid signaling in mice, which can develop other 

non-cardiac defects such as vascular, laryngeal, tracheal, thymus and parathyroid alterations 

[153]. Interestingly, the most severe effect of retinoic acid altered expression results from the 

genetic deficiency of ALDH1A2, causing the mice lethality at 8.5 days post-fertilization [55]. 

The ALDH1A2 knock-out mice develop severely impaired segmentation of rhombomeres with 

altered homeobox gene expression pattern, and neural crest cell migration [154].  

ALDH1A3 has been identified in human, chick, mouse, zebrafish and Xenopus embryonic 

tissues, and is expressed in the ventral retina across various species [155,156]. ALDH1A3 is 

essential for the development of the central nervous system and the morphogenesis of 

anterior head structures. Mice lacking ALDH1A3 have defects in nasal and ocular development 

and are neonatally lethal, due to respiratory tract obstruction in the nasal region, but they can 

be rescued by retinoic acid administration during pregnancy [157]. Recently, several groups 

have reported that ALDH1A3 is associated with anophthalmia/microphthalmia in humans [69]. 

1.8 ALDH inhibitors  

Related to the involvement of ALDHs in some pathological affections, the study of 

pharmacological inhibitors of these enzymes supposes a significant clinical interest. Human 

ALDHs show an overlapping spectrum for substrates and distinct substrate specificities, and 

this fact implies a limitation about the enzyme-specific effects on the course of diseases. It has 

to be noted, that pharmacological inhibitors have been developed for few ALDH enzymes, such 

as the enzymes specifically involved in the metabolism of alcohol (ALDH2), and in the 

chemoresistance against the anticancer oxazaphosphorine drugs (ALDH1A1 and ALDH3A1) 

[35].  

 

Citral 

Citral (3,7-dimethyl-2,6-octadienal, Figure 22) is a volatile α,β-unsaturated aldehyde 

associated with a variety of biochemical and toxicological effects. This compound acts more as 

a slow substrate than as a strict inhibitor of ALDH enzymes [158]. Citral is a 1:2 mixture of two 

isomers: the cis isomer, neral, and the trans isomer, geranial. The latter structurally resembles 

physiologically important retinoids and it is the preferred isomer for the inhibition of the 

ALDH1 enzymes. For ALDH2, neral shows Michaelis-Menten kinetics and geranial shows 

positive cooperativity [159]. Citral exhibits a reversible non-competitive inhibition and the Ki 

value for rat ALDH2 is 360 nM [160]. Furthermore, citral has been shown to possess anti-
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proliferative and pro-apoptotic effects in breast cancer cells lines as a result of ALDH1A1 

inhibition [161]. 

 

DEAB 

N,N-diethylaminobenzaldehyde (DEAB, Figure 22) behaves as a slow substrate (like citral) 

rather than a classical inhibitor of ALDH enzymes. It has been used as an ALDH1-selective 

inhibitor for repressing retinoic acid synthesis in studies investigating the role of retinoic acid 

in abnormal embryonic development in vertebrates [162]. Furthermore, the ALDH inhibition 

by DEAB is the basis of Aldefluor™ assay, which is used to identify, evaluate, and isolate normal 

and cancer stem cells, that express high levels of ALDH. It is widely presumed that the assay 

mostly measures ALDH1A1 activity based on the early report that DEAB used in this assay is a 

selective inhibitor of ALDH1A1 [163].  However, a recent study about the effects of human 

ALDH enzymes, ALDH1A2 and ALDH2, on drug resistance and proliferation, and the selectivity 

of DEAB as an inhibitor concluded that DEAB is not a selective inhibitor against ALDH1A1 and 

that Aldefluor™ assay is not specific for the ALDH1A1 activity (IC50 = 60 nM), since it also 

inhibits ALDH1A2 (IC50 = 3 μM) and ALDH2 (IC50 = 160 nM) enzymes, which play a major role in 

the biology and drug resistance of various malignant cells [164]. In ALDH1A1, DEAB exhibits a 

competitive tight-binding inhibition, while in ALDH1A2 and ALDH2 DEAB acts as a covalent 

inhibitor [165]. The mechanism of ALDH inactivation by DEAB is consistent with the formation 

of a quinoid-like resonance state following hydride transfer that is stabilized by local structural 

features that exist in several of the ALDH enzymes [165].  

 

WIN 18,446 

N,N'-Bis(dichloroacetyl)-1,8-octamethylenediamine (WIN 18,446, Figure 22) reversibly 

inhibits spermatogenesis in many species, including humans, via inhibition of testicular retinoic 

acid biosynthesis catalyzed by ALDH1A2 [166]. WIN 18,446 strongly and irreversibly inhibits 

ALDH1A2 in vitro (IC50 = 0.19 μM) [54]. In vivo, WIN 18,446 treatment completely abolished 

spermatogenesis after 4 weeks of treatment through an effect that is tissue-dependent. This 

effect is similar to that of the non-selective inhibitor disulfiram. However, only disulfiram-

induced inhibition was reversed by addition of antioxidants such as dithiothreitol (DTT) and 

tris(2-carboxyethyl)phosphine (TCEP), suggesting that the mechanism of inhibition of these 

two compounds is different [167]. Recently, the tridimensional structure of ALDH1A2 

associated with WIN 18,446 (Table 1) allowed to confirm that the nucleophile Cys320 is critical 

for the interaction with reversible and covalent inhibitors and the active-site is capable to 

accommode chemically and structurally diverse small compounds [54]. 
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Recently, Morgan and collaborators [26] reported the first human ALDH1A1 structure. 

Structural comparisons of the cofactor-binding sites in ALDH1A1 with other closely related 

ALDH enzymes illustrate a high degree of similarity. Currently, there are no commercially 

available inhibitors that target ALDH1A1. In the study cited above, Morgan and colleagues 

described 256 compounds that alter the esterase activity of ALDH1A1. The effects on ALDH 

function were also intensively analyzed. However, only two distinct chemical classes of 

inhibitors are selective for human ALDH1A1 compared to eight classes for other ALDH enzymes 

[168]. Among these compounds, CM026 and CM037 have emerged and have been used to 

obtain new crystallographic structures of ALDH1A1 (Table 1). 

 

CM026 

CM026 (Figure 22) is a selective inhibitor against ALDH1A1 [168]. At low concentrations (20 

μM), this compound had no effect on other human ALDH enzymes, such as ALDH1A2, 

ALDH1A3, ALDH1B1, ALDH2, ALDH3A1 and ALDH5A1. At 100 μM, CM026 discreetly increases 

the ALDH1A2 activity in counterpart to what it is observed in this enzyme with the Alda-1 

activator [169]. CM026 has good potency against ALDH1A1 (IC50 = 0.80 μM), although a 

complete inhibition was not observed [26]. The compound has a noncompetitive partial mode 

of inhibition with respect to varied substrate and an uncompetitive partial mode of inhibition 

with respect to varied NAD+ cofactor [168]. 

 

CM037 

CM037 (Figure 22) is a selective inhibitor against ALDH1A1 (IC50 = 4.6 μM) [168]. Unlike 

CM026, this compound displays some effect on ALDH1A3 at low concentrations. Specifically, 

20% inhibition is observed in ALDH1A3 at 20 μM of CM037, while in the other enzymes tested 

the effect is very low. Elevated CM037 concentrations have been difficult to analyze due to 

solubility limitations of this compound [168]. 

 

In summary, there have been few findings regarding enzymatic inhibitors of the other 

members of ALDH1A subfamily, being WIN 18,446 mentioned above, the only potent 

inhibitory compound described for human ALDH1A2. As for ALDH1A3, no selective and potent 

inhibitors exist so far.  
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Figure 22. Molecular structure of some ALDH inhibitors. 
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The recent availability of the three-dimensional structures of the human ALDH1A enzymes 

will allow performing a precise analysis of their substrate-binding pockets, in regard to their 

size, topology and specific residues. A first aim of this study is to identify clue amino acid 

residues that may help explaining the distinct substrate specificity and kinetic properties of 

each enzyme, supported by site-directed mutagenesis studies. 

 

 The retinoid-active ALDHs had been purified and partially characterized in several 

mammalian species, mainly from rodents, by independent investigators. However, not a single 

study had reported the kinetic properties of the three human ALDH1A enzymes with retinoids, 

using the same methodology and under the same experimental conditions. As a second major 

goal, a side-by-side kinetic characterization of the three enzymes will be performed. In 

addition, a well-proven method for retinoid solubilization and a sensitive HPLC-based method 

for activity determination will be applied to study the retinaldehyde dehydrogenase activity. 

 

The physiological relevance of the ALDH1A enzymes stems out from their proved role in 

retinoic acid biosynthesis, embryonic development, cancer stem cell maintenance and several 

human pathologies. Thus, it becomes of prime importance to tackle the design of novel 

enzymatic inhibitors which might be eventually developed as potential pharmacological drugs. 

Despite the existence of many ALDH inhibitors, potent and selective inhibitors for each 

member of the 1A subfamily are still lacking. As a final goal, the structure-activity relationships 

gained from previous results will be used to test novel compounds as enzymatic inhibitors. 

 

Therefore, in order to contribute to the knowledge of the three human ALDH1A enzymes, 

ALDH1A1, ALDH1A2 and ALDH1A3, their substrate specificity and inhibitor selectivity, the 

present Thesis will address the following specific objectives: 

 

1. To compare the topology of the substrate-binding pockets of the three enzymes and 

identify the clue residues that could confer specific kinetic features. 

 

2. To perform their heterologous expression and affinity purification. 

 

3. To study the effect of magnesium ions on their enzymatic activity. 

 

4. To determine their kinetic constants with typical ALDH substrates such as alkanals 

and alkenals. 
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5. To analyze their activity with retinaldehyde isomers and apo-β-carotenals by using a 

sensitive HPLC-based method. 

 

6. To construct, express and purify ALDH1A mutant enzymes containing amino acid 

substitutions in clue residues of their substrate-binding pockets, by using site-directed 

mutagenesis. 

 

7. To determine the kinetic features and substrate specificity of the mutant enzymes to 

elucidate the relevance of the substituted residues in their substrate-binding pockets. 

 

8. To test some classical ALDH inhibitors and novel compounds as inhibitors against the 

three ALDH1A enzymes, and determine their potency and selectivity. 
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2.1 ALDH structures and volume measurement of substrate-binding pockets 

Human ALDH1A1 (PDB code 4WB9), ALDH1A2 (PDB code 6ALJ) and ALDH1A3 (PDB code 

5FHZ; monomer A) crystallographic structures (Table 1) were used for the study of the 

substrate-binding pocket. The POVME algorithm [170,171] was used to measure the volume of 

the substrate-binding pockets of the three ALDH1A enzymes. The first step was to define an 

inclusion region with focus located in the catalytic Cys residue, which entirely encompassed all 

the binding-pocket conformations of the trajectory. Then, a field of equidistant points was 

generated. After that, points that were near the receptor atoms were removed, leaving those 

points that were likely to be located within the binding pocket itself. Finally, the patches of 

points that were not contiguous with the primary binding pocket were removed. The volume 

of the cofactor-binding pocket was not taken into account in this study, due to the fact that it 

is a highly conserved region. 

 

2.1.1 Generation of ALDH1A2 structure model and molecular dynamic method 

The final study on the substrate-binding pockets of ALDH1As was performed based on the 

crystallographic structures mentioned above. However, the initial crystallographic data used to 

analyze human ALDH1A2 was that corresponding to PDB code 4X2Q, which was the only 

structure available when the present work started. This structure was also chosen because it 

did not show any molecule bound to its catalytic center other than the cofactor. Thus the 

holoenzyme structure was fully comparable to that of ALDH1A1 (PDB code 4WB9). However, 

the deposited ALDH1A2-NAD+ structure lacked the sequence fragment located between 

Asn475 and Met495. This missing fragment of 21 residues is mostly an unstructured loop in 

ALDH1A1 and ALDH1A3 (corresponding to Val454-Leu478 and Ile465-Leu489, respectively).  

 

We constructed a computer model that included the complete ALDH1A2 sequence by 

overlaying this unstructured loop to the corresponding ALDH1A1 sequence. In addition to the 

unstructured loop, a portion of the cofactor from the ALDH1A1 structure was also 

incorporated, as it was absent in the crystallographic structure of ALDH1A2. The modelled loop 

differs by four residues from ALDH1A1 (Leu477, Asn478, Ser481 and Met495 in ALDH1A2 

instead of Val460, Ser461, Cys464 and Leu478 in ALDH1A1). These residues were manually 

mutated with the Visual Molecular Dynamics (VMS) program [172].  
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Table 1. Crystallographic structures of ALDH1A enzymes deposited in the Protein Data Base. 

 

a
Structures used in this work are shown in bold face.  

CM026: 8-{[4-(furan-2-ylcarbonyl)piperazin-1-yl]methyl}-1,3-dimethyl-7-(3-methylbutyl)-3,7-dihydro-1H-purine-2,6-
dione; CM053: 1-{[1,3-dimethyl-7-(3-methylbutyl)-2,6-dioxo- 2,3,6,7-tetrahydro-1H-purin-8-yl]methyl}piperidine-4-
carboxamide; CM037: ethyl ({4-oxo-3-[3-(pyrrolidin-1-yl)propyl]-3,4-dihydro[1]benzothieno[3,2-d]pyrimidin-2-
yl}sulfanyl)acetate; BUC11: 2,3,5-trimethyl-6-[3-oxo-3-(piperidin-1-yl)propyl]-7H-furo[3,2-g][1]benzopyran-7-one; 
BUC 22: 7-(diethylamino)-4-methyl-2H-1-benzopyran-2-one; BUC25: 3-benzyl-4-methyl-2-oxo-2H-1-benzopyran-7-yl 
methanesulfonate; CM039: 6-{[(3-fluorophenyl)methyl]sulfanyl}-5-(2-methylphenyl)-2,5-dihydro-4H-pyrazolo[3,4-
d]pyrimidin-4-one; WIN18,446: N,N'-(octane-1,8-diyl)bis(2,2-dichloroacetamide); 6-118: (3-ethoxythiophen-2-yl){4-
[4-nitro-3-(pyrrolidin-1-yl)phenyl]piperazin-1-yl}methanone; CM121: 1-(4-cyanophenyl)-N-(3-fluorophenyl)-3-[4-
(methylsulfonyl)phenyl]-1H-pyrazole-4-carboxamide. 

 

Subsequently, we prepared input files for the molecular dynamics with a molecular 

simulation scheme, LEaP-dynamics, which provides efficient sampling of the protein 

conformational space in solution [173], through the addition of water molecules and the 

necessary balance parameters of the electric force field of the system. NAD+ and NADH 

parameters were settled as described above [174,175]. The AMBER software package [176] 

ALDH1A 
enzyme 

cofactor other ligands resolution (Å) PDB code Released 

      

1A1 − − 1.74 4WJ9 Dec 2014 

1A1 NADH − 2.07 4WB9a Dec 2014 

1A1 − CM026 1.80 4WP7 Feb 2015 

1A1 − CM053 1.95 4WPN Feb 2015 

1A1 NADH CM037 1.85 4X4L Feb 2015 

1A1 − BUC11 1.70 5L2M Mar 2017 

1A1 − BUC22 2.05 5L2O Mar 2017 

1A1 − BUC25 1.70 5L2N Mar 2017 

1A1 NADH CM039 2.10 5TEI Sept 2017 

      

1A2 NAD+ − 2.94 4X2Qa Dec 2015 

1A2 NAD+ WIN18,446 1.89 6ALJa Jan 2018 

1A2 NAD+ 6-118 2.20 6B5G Jan 2018 

1A2 NAD+ CM121 2.30 6B5H Jan 2018 

1A2 − CM121 2.60 6B5I Jan 2018 

      

1A3 NAD+ retinoic acid 2.90 5FHZa Nov 2016 
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was used to carry out molecular dynamics in the ALDH1A2 unstructured loop. Firstly, it was 

crucial to minimize the energy system to find the nearest local minimum that allowed the X-ray 

crystallographic structure laxity. Furthermore, it was necessary to warm the system at 300 K in 

progressive stages and to balance the system density to water density. Finally, it was 

considered the system to be ready for the study and various properties could be analyzed over 

time. We have focused on the root-mean-square deviation (RMSD) of atomic positions, the 

measure of the average distance between the atoms of superimposed proteins. The stability in 

the RMSD score suggested that the system was prepared for the molecular dynamics 

simulation. After 30-ns simulation, the system could be considered balanced. The POVME 

algorithm [170,171] was used to measure the volume of the substrate-binding pocket as 

described  in section 2.1. 

 

2.2 Cloning oh human ALDH cDNA 

We identified the human genomic clones in GenBank (clone IDs: 2988388, 4826743 and 

6208628 for ALDH1A1, ALDH1A2 and ALDH1A3, respectively). Each of human ALDH cDNAs 

were subcloned into two different expression plasmids: pGEX-4T-2 (Figure 23A) and pET-30 

Xa/LIC (Figure 23B). For the pGEX-4T-2 constructs, each cDNA was PCR amplified from 

pOTB7/ALDH1A1, pBluescript R/ALDH1A2 or pOTB7/ALDH1A3 plasmid using the following 

primers: For ALDH1A1, EcoRI-ALDH 1A1 forward primer (5’-TGAATTCCCATGTCATCCTCAGGCA 

CG-3’) and ALDH1A1-SalI reverse primer (5’-GTCGACTTATGAGTTCTTCTGAGAGATTTTCA-3’), 

including nucleotides 1-18 and 1480-1506, respectively. For ALDH1A2, BamHI-ALDH1A2 

forward primer (5’CGCGGATCCATGACTTCCAGCAAGATAGAGATGC-3’) and ALDH1A2-EcoRI 

reverse primer (5’TGAATTCTTAGGAGTTCTTCTGGGGG-3’) including nucleotides 1-25 and 1539-

1557, respectively. For ALDH1A3, BamHI-ALDH1A3 forward primer (5’-CGCGGATCCATGGCCAC 

CGCTAACGG-3’) and the ALDH1A3-EcoRI reverse primer (5’-TGAATTCTCAGGGGTTCTTGTCGCC-

3’), including nucleotides 1-17 and 1522-1539, respectively. The new restriction sites 

(underlined) facilitated directional cloning in the multiple cloning site of the pGEX-4T-2 vector. 

The PCR steps were: 1) DNA polymerase activation (95°C for 2 min), 2) denaturing (95°C for 20 

s), 3) annealing (60°C, lowest Tm −5°C, for 10 s) and 4) extension (70°C for 20 s/kb). Then, steps 

2-4 were repeated for additional 34 cycles. After digestion, the PCR product was ligated into 

the corresponding restriction sites of pGEX-4T-2 using the Rapid DNA Dephosphorilation and 

Ligation kit (GE Healthcare). ALDH cDNAs were also subcloned into pET-30 Xa/LIC. For the 

generation of the pET-30 Xa/LIC-ALDH constructs, the same forward and reverse primers were 

designed, but without including any restriction sites. Instead, complementary nucleotides to 

the cohesive ends of pET-30 Xa/LIC were added (Figure 24). PCR conditions were the same as 
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A 

B                                                                    

those used for the pGEX-4T-2 insert amplification. To perform the insert ligation, the pET-30 

Xa/LIC kit was used. The resulting constructs were verified by endonuclease digestion, 

transformed into E. coli DH5α cells and sequenced.  

 

 

 
 
 
  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 23. Heterologous expression vectors used for ALDH1A subcloning. A) pGEX-4T-2 is a bacterial expression 
plasmid with a tac promoter for chemically inducible, high-level expression of glutathione S-transferase (GST)-
tagged recombinant proteins. The pGEX-4T-2 expression vector has an expanded multicloning site (MCS) that 
contains six restriction sites and facilitates the unidirectional cloning of cDNA inserts. It exhibits an internal lacI

q
 

gene for use in any E. coli host, and contains an ampicillin resistance and a thrombin recognition site. B) The pET-30 
Xa/LIC is designed for cloning and high-level expression of target proteins fused with the His·tag coding sequences 
that are cleavable with factor Xa protease. The plasmid contains a strong T7lac promoter, a kanamycin resistance 
gene, and an optimized MCS (black arrow) that facilitates the insert transfer and includes the coding sequence for 
the Xa cleavage. The schemes were reproduced from product data sheets provided by the manufacturers (GE 
Healthcare and Merck Millipore, respectively).  
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Figure 24. Diagram of the pET-30 Xa/LIC strategy. After amplification with primers that include the indicated 5’ 
Xa/LIC extensions, the PCR insert is treated with LIC-qualified T4 DNA polymerase (and dGTP) and annealed to the 
pET-30 Xa/LIC vector. The resultant nicked, circular plasmid DNA is transformed into competent E. coli cells. The 
scheme was reproduced from product data sheet provided by the manufacturer (Merck Millipore). 
 

2.2.1 Construction and cloning of full-length ALDH1A2 cDNA 

Four ALDH1A2 isoforms may be generated from alternative splicing of the ALDH1A2 gene 

(isoform 1 corresponds to the full-length enzyme). The difference between isoforms 1 and 2 is 

the deletion of thirty-seven amino acid residues located at residues 228-265 (nucleotides 684-

795) in the isoform 2 (Figure 25). The commercial manufacturer only provided the cDNA 

coding for the isoform 2 and, for this reason, a method was devised to obtain the full-length 

cDNA. The complete cDNA encoding isoform 1 of human ALDH1A2 was produced by three 

independent PCR amplifications. The first PCR used the forward primer referred previously in 

section 2.2 (5’-GGTATTGAGGGTCGCATGACTTCCAGCAAGATAGAGATGC-3’) and an internal 

reverse primer (5’-CCAATGTGAGAAGCTATTGCTGCCCCAGCCGTTGGCCCATATCCTGGCAAAATAT 
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TGATGACCCCGGGAGGAAGCCAGCCTCCTTGATGAGGGCTCC-3’) including nucleotides 725-824. 

The second PCR used an internal forward primer (5’-ATGGGCCAACGGCTGGGGCAGCAATAGCT 

TCTCACATTGGCATAGACAAGATTGCATTCACAGGGTCTACTGAGGTTGGAAAGCTTATCCAAGAAG

CAGC-3’) including nucleotides 666-764 and a reverse primer aforementioned (5’-AGAGGAGA 

GTTAGAGCCTTAGGAGTTCTTCTGGGGG-3’). The primer design involved an overlapping region 

including thirty-nine nucleotides. This fact is essential to ensure the amplification of the 

ALDH1A2 complete sequence. 

 

Figure 25. Amino acid sequence alignment of human ALDH1A2 isoforms. The isoform 1 corresponds with the full-
length protein sequence while the isoform 2 exhibits a deletion of thirty-seven amino acid residues (228-265) 
indicated as discontinuous lines. 
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Finally, a third PCR allowed obtaining the complete sequence from the two fragments 

amplified previously, by using outer forward and reverse primers and under the same 

conditions that the isoform 2 as detailed above (Figure 26). The resulting construct was 

transformed into E. coli DH5α cells and cloning was verified by sequencing.  

Figure 26. Scheme of the sequence involved in the design of internal primers to obtain the full-length human 
ALDH1A2 cDNA. The sequence of ALDH1A2 isoform 1 is shown in black and the sequence of ALDH1A2 isoform 2 is 
remarked in red. The absence of 111 nucleotides (nt 684-795) corresponding to the deletion of 37 amino acids 
comprised between residues 288-266, can be observed. The sequence corresponding to the forward primer (nt 666-
764) is marked in cyan blue while the sequence corresponding to the reverse primer (nt 725-824) is marked in 
yellow. The last three nucleotides present in the ALDH1A2 isoform 2 and the three contigous nucleotides in the 
sequence are highlighted in grey in order to ensure that the design of the internal primers anchor the complete 
inclusion of the absent region in ALDH1A2 full-length isoform.  

 

2.3 Site-directed mutagenesis 

Human ALDH1A1 and ALDH1A2 were mutated using the QuickChange Lightning Site-

Directed Mutagenesis Kit (Agilent Technologies). For this purpose, the following primers were 

used: For ALDH1A1, ALDH1A1 forward primer (5’- GGTGGAAAACCCTATTCCAATGC -3’) and 

ALDH1A1 reverse primer (5’-GCATTGGAATAGGGTTTTCCACC -3’). For ALDH1A2, ALDH1A2 

forward primer (5’-GGATCAATTGTTACGGTGTCGTATCTGCCCAGAGCCCC-3’) and ALDH1A2 

reverse primer (5’-GGGGCTCTGGGCAGATACGACACCGTAACAATTGATCC -3’). The underlined 

regions correspond to the mutated nucleotides. The PCR steps were: 1) DNA polymerase 

activation (95°C for 2 min), 2) denaturing (95°C for 20 s), 3) annealing (50°C for ALDH1A1 and 

60°C for ALDH1A2, for 10 s) and 4) extension (68°C for 30 s/kb). Then, the steps 2-4 were 

repeated for additional 18 cycles. Then, the PCR products were digested with Dpn I to 
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eliminate the parental DNA. The resulting constructs were transformed into E. coli DH5α cells, 

as described below, and sequenced. 

 

2.4 Transformation of recombinant ALDHs into E. coli cells 

The resulting constructs were cloned into E. coli DH5α competent cells with high 

transformation efficiency, according to the protocol of the manufacturer. Tubes containing 

plasmid and cells were incubated on an ice bath for 5 min, then heated at 42°C for 30 s and 

placed back on an ice bath for 2 min. Culture medium was added to the tubes and then they 

were incubated at 37°C while shaking for 1 h. Finally, cells were plated on selective medium 

with 33 µg/mL kanamycin for pET-30 Xa/LIC and 50 µg/mL ampicillin for pGEX-4T-2, and 

incubated overnight (O/N) at 37°C. Once cloning was confirmed by sequencing, the constructs 

were subcloned into E. coli BL21(DE3)pLys cells using the same transformation protocol as 

described previously for E. coli DH5α cells. 

 

2.5 DNA electrophoresis and quantification 

Products obtained from PCR and DNA digestion were analyzed by 0.8% agarose gel 

electrophoresis, using linear and supercoiled DNA ladders. DNA quantification was carried out 

using a NanoDrop™ spectrophotometer. 

 

2.6 Screening of ALDH protein expression at small scale 

Different E. coli BL21(DE3)pLys strains transformed with ALDH constructs in pGEX-4T-2 or 

pET-30 Xa/LIC were tested at small scale for expression levels prior to scaling-up production. 

For protein expression, transformed E. coli BL21(DE3)pLys cells were grown in 5 mL LB medium 

with kanamycin (pET-30 Xa/LIC) or ampicillin (pET-4T-2) O/N at 37°C. A 250-µl aliquot of this 

culture was used to inoculate 10 mL LB medium with the proper amount of antibiotic and was 

incubated at 37°C until an O.D.595 of 0.8 or 1.5 was reached (Table 2).  

 

Protein production was then induced by the addition of 1 mM IPTG and cells were grown at 

22°C. To analyze protein expression, 1-mL aliquots were collected at 4 h and O/N after 

induction. Each sample was centrifuged at 13200 x g and 4°C for 20 min. The resulting pellet 

was resuspended in Bind Buffer (containing 50 mM Tris/HCl, 0.5 M NaCl and 5 mM imidazole 

at pH 8.0) and then, 1 mg/mL lysozyme, 20 µg/mL DNase, 1% Triton-X 100, 1 mM protein 

inhibitor PMSF and 5 mM DTT were added. The samples were sonicated and then centrifuged 
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for 20 min at 13200 x g and 4°C. The resulting supernatant and pellet dissolved in Bind Buffer 

were loaded on an SDS-PAGE. 

 

Table 2. Screening of different conditions tested for protein expression. 

Conditions 
Protein Expression vector 

 pGEX-4T-2 pET-30 Xa/LIC 

 

 
 

O.D.595 = 0.8 
4 h – O/N 

ALDH1A1 
IPTG IPTG 

      control       control 

ALDH1A2 
IPTG IPTG 

      control       control 

ALDH1A3 
IPTG IPTG 

      control       control 

 

 
 

O.D.595 = 1.5 
4 h – O/N 

ALDH1A1 
IPTG IPTG 

      control       control 

ALDH1A2 
IPTG IPTG 

      control       control 

ALDH1A3 
IPTG IPTG 

      control       control 

Protein expression with (IPTG) or without (control) induction by 1 mM IPTG at O.D.595 = 0.8 or 1.5. Induction times 
were 4 h or O/N. After induction, temperature was set at 22°C. Each sample was sonicated, centrifuged and the 
resulting pellet resuspended. Two different fractions were loaded, supernatant or soluble fraction (SF) and pellet or 
insoluble fraction (IF), on SDS-PAGE for each sample taken under each condition. 
 

2.7 Protein expression and purification 

Human ALDHs were expressed from the pET-30 Xa/LIC constructs, which allow protein 

expression with an N-terminal (His)6 tag under the control of T7 RNA polymerase promoter and 

operon lac. In E. coli BL21(DE3)pLys. The expression of T7 RNA polymerase is also under the 

control of the operon lac promoter. Consequently, the constitutive expression of the operon 

lac repressor (lac I), contained in both the E. coli genome and the expression vector, assures 

the expression of the protein only in presence of an inducer such as IPTG. For protein 

expression, transformed E. coli BL21(DE3)pLys cells were grown O/N in 25 mL LB medium in 

the presence of 33 µg/mL kanamycin at 37°C. This culture was used to inoculate 1 L of 2xYT 

medium in the presence of 33 µg/mL kanamycin and cells were incubated at 37°C until an 

O.D.595 of 0.8 was reached. Protein expression was then induced by the addition of 1 mM IPTG 

and cells were grown O/N at 22°C. To analyze the protein expression 1-mL aliquots were 

collected before and after induction. After O/N incubation, cells were collected by 
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centrifugation at 12400 x g (8000 rpm, Beckman JLA-14 rotor) and 4°C for 10 min. The resulting 

pellet was resuspended in 30 mL of Bind Buffer per liter of culture. Cell lysis was performed by 

freezing (O/N at −20°C) and thawing at room temperature. Then, 1 mg/mL lysozyme, 20 µg/mL 

DNase, 1% Triton-X 100, 1 mM protein inhibitor PMSF and 5 mM DTT were added, followed by 

two cycles of sonication. The cellular extract was centrifuged at 15000 x g (12500 rpm, 

Beckman JA-25.5 rotor) and 4°C for 20 min. The soluble fraction was collected and filtered, and 

an aliquot of this lysate was kept for further electrophoretic analysis. Protein purification was 

performed by affinity chromatography on a nickel-charged chelating Sepharose™ Fast Flow 5-

mL column (His Trap column), which specifically binds the protein due to the His tag, using an 

ÄKTA™ FPLC purification system. Protein was eluted by applying an increasing step-wise 

gradient (5, 60, 100 and 250 mM) of imidazole in 50 mM Tris/HCl and 0.5 M NaCl, pH 8.0. The 

enzyme eluted at 250 mM imidazole. The imidazole present in the eluted protein fractions was 

removed through a PD-10 gel filtration-desalting column. Protein including the (His)6 tag was 

stored frozen at −80°C in 50 mM Tris/HCl, 0.5 mM NaCl, pH 8.0. To follow the purification 

process, 1-mL aliquots were collected from each step and analyzed by SDS-PAGE. 

 

2.8 Fluorescence assay for the dehydrogenase activity and determination of the 

kinetic constants 

Dehydrogenase activity with non-retinoid substrates was monitored using a fluorimeter 

(Cary Eclipse Varian) at 25°C. ALDH1A1 and ALDH1A2 were assayed in 50 mM HEPES, 0.5 mM 

EDTA, 0.5 mM DTT, pH 8.0, while ALDH1A3 assays were performed in 50 mM HEPES, 30 mM 

MgCl2, 5 mM DTT, pH 8.0. NAD+ concentration was 500 μM. The enzymatic reaction was 

initiated by the addition of the aldehyde substrate, dissolved in the corresponding reaction 

buffer. Fluorescence of NADH was followed at 460 nm with excitation at 340 nm and spectral 

bandwidth of 10 nm. The reaction mixture also contained 5 μM NADH as an internal standard 

to obtain absolute reaction rates, which were calculated according to the equation: 

 , where Cst is the standard NADH concentration, Fst the standard fluorescence and 

dF/dt the slope of the time dependent fluorescence [177]. Assays without enzyme were 

carried out as controls. The initial velocities were measured in duplicate with at least five 

different substrate concentrations. The kinetic constants were calculated using the non-linear 

regression program Grafit 5.0 (Erithacus software), and expressed as the mean ± standard 

error from three independent determinations. 
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2.9 Effect of magnesium ions on the ALDH1A activity 

Enzymatic activity was measured fluorimetrically in 50 mM HEPES, 0.5 mM DTT, pH 8.0 (for 

ALD1A1 and ALDH1A2) or in 50 mM HEPES, 5 mM DTT, pH 8.0 (for ALDH1A3), in the presence 

of 500 μM NAD+. To each reaction mixture, the corresponding amount of MgCl2 was added (0-

400 μM final concentration, for ALDH1A1 and ALDH1A2; 0-50 mM, for ALDH1A3). Reaction 

was initiated with the addition of 250 μM hexanal (for ALDH1A2 and ALDH1A3) or 10 μM 

hexanal (for ALDH1A1) as a substrate. Reaction mixtures without enzyme served as controls. 

The initial rates were measured in duplicate and plotted as the percentage of remaining 

enzymatic activity. 

 

2.10 HPLC-based assay for the dehydrogenase activity with retinoids 

To evaluate the retinaldehyde dehydrogenase activity of human ALDHs, an HPLC-based 

method was used for the first time to determine the ALDH activity, as follows. Stock solutions 

of retinoid substrates were prepared in ethanol. Working stock solutions of retinoids were 

prepared by 10-min sonication in the presence of equimolar delipidated BSA [109]. The actual 

concentration of solubilized retinoid was determined based on the corresponding molar 

absorption coefficient: ε370 = 29500 M−1·cm−1 for all-trans-retinaldehyde and ε364 = 26700 

M−1·cm−1 for 9-cis-retinaldehyde. The enzymatic reaction was carried out for 15 min at 37°C in 

a final volume of 500 μL, using the same buffer as that for the fluorimetric assays (see above) 

and a saturating concentration of cofactor (500 μM NAD+). The reaction was stopped by 

addition of 1 mL cold hexane/dioxane/isopropanol (50:5:1, v/v/v), and retinoids were 

extracted by a two-step procedure with the same solvent mixture [178,179]. The aqueous 

phase was removed, and the organic phase was evaporated under a N2 stream. Retinoids were 

dissolved in 200 μL of hexane and analyzed by a modification of a published method [180], as 

follows. Retinoids were separated by HPLC on a Novapak® Silica 4 μm, 3.9 x 150 mm in 

hexane/methyl-tert-butyl ether (96:4, v/v) mobile phase, at a flow rate of 2 mL/min, using a 

Waters Alliance 2695 HPLC. Elution was monitored at 370 and 364 nm for all-trans- and 9-cis-

retinaldehyde isomers, respectively, and at 350 and 341 nm for the corresponding all-trans 

and 9-cis-retinoic acid compounds, using a Waters 2996 photodiode array detector. 

Quantification of retinoids was performed by interpolation of HPLC peak areas into a 

calibration curve of known retinoid concentrations (Annex 1.1). Kinetic constants were 

calculated as indicated above in section 2.8. All compound manipulations were performed 

under dim or red light to prevent photoisomerization. 
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2.11 Dehydrogenase activity with apo-β-carotenals 

ALDH1A1 and ALDH1A2 activities were assayed in 50 mM HEPES, 0.5 mM EDTA, 0.5 mM 

DTT, pH 8.0, and ALDH1A3 was assayed in 50 mM HEPES, 30 mM MgCl2, 5 mM DTT, pH 8.0. 

Concentration of 12’-apo- and 14’-apo-β-carotenal was determined based on the 

corresponding molar absorption coefficient in aqueous solutions at the appropriate 

wavelength (ε410 = 24228 M−1·cm−1 and ε416 = 15945 M−1·cm−1, for 12’-apo-β-carotenal in 

ALDH1A1/1A2 and ALDH1A3 reaction buffer, respectively; and ε397 = 9218 M−1·cm−1 and ε340 = 

9036 M−1·cm−1, for 14’-apo-β-carotenal in ALDH1A1/1A2 and ALDH1A3 reaction buffer, 

respectively). The reaction was started by the addition of cofactor and carried out for 15 min 

at 37°C in a final volume of 500 μL. With the aim to measure the steady state enzymatic 

activity, the concentration of enzyme was kept from 50- to 100-fold lower than that of the 

substrate for all enzymatic assays and a saturating concentration of cofactor (500 μM NAD+) 

was used. Reaction products were extracted with hexane/dioxane/isopropanol (50:5:1, v/v/v) 

and analyzed by the HPLC-based method described above in the section 2.10. Elution was 

monitored at 415 nm for 12’-apo-β-carotenal, 400 nm for 12’-apo-β-carotenoic acid and 14’-

apo-β-carotenal, and at 373 nm for 14’-apo-β-carotenoic acid. Quantification of apo-β-

carotenoids was performed similarly to that of retinoids, by interpolation of HPLC peak areas 

into a calibration curve of known apo-β-carotenoid concentrations (Annex 1.2). Kinetic 

constants were calculated as indicated above in section 2.8. In the same way as retinoids, all 

compounds were handled under dim or red light to prevent photoisomerization. 

 

2.12 Spectrophotometric assay for esterase activity 

Enzymes were assayed for esterase activity in a Cary 400 Bio (Varian) spectrophotometer. 

Stock solutions of 10 mM p-nitrophenyl acetate were prepared with ethanol as a solvent to 

minimize spontaneous hydrolysis, always ensuring that the final ethanol concentration in the 

assay did not exceed 1% (v/v) [181]. Reactions were performed at 25°C in 50 mM HEPES, 0.5 

mM DTT, pH 7.5, with 500 μM NAD+. The reactions were initiated by the addition of p-

nitrophenyl acetate to the enzyme solutions in 1-mL cuvettes. The formation of p-nitrophenol 

was followed at 400 nm (ε400 = 12800 M−1·cm−1) [82] to monitor esterase activity, which was 

corrected for the non-enzymatic hydrolysis of p-nitrophenyl acetate. Kinetic constants were 

calculated as indicated above in section 2.8. 

 

2.13 Inhibitor screening against human ALDH1A enzymes 

Single-point analyses of enzymatic activity at 10 μM of inhibitor were performed by three 

instrumental methods: Varian Cary 400 (UV/Vis) spectrophotometer, Varian Cary Eclipse 
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fluorimeter and 96-well plates in a Perkin Elmer Victor III Multilabel Plate Reader. The reaction 

was followed by absorbance at 340 nm or by fluorescence emission at 460 nm, both 

corresponding to the NADH production. Enzymatic inhibition assays were performed in a final 

volume of 1 mL, in an appropriate reaction buffer (50 mM HEPES, 0.5 mM EDTA, 0.5 mM DTT, 

pH 8.0, for ALDH1A1 and ALDH1A2, and 50 mM HEPES, 30 mM MgCl2, 5 mM DTT, pH 8.0, for 

ALDH1A3) and with 500 μM NAD+. All compounds tested as inhibitors were dissolved in DMSO 

and assayed in a final concentration of 0.1% (v/v) DMSO using hexanal as a substrate at 250 

μM, for ALDH1A2 and ALDH1A3, and 10 μM for ALDH1A1, at 25°C. The concentration of 

enzyme was kept from 50- to 100-fold lower than that of the substrate for all enzymatic 

assays. The reaction mixture was incubated for 5 min at room temperature, before adding the 

substrate. The percentage of remaining activity was calculated from the ratio of activity at a 

given inhibitor concentration to the control activity with 1% (v/v) DMSO without inhibitor 

compound added. The IC50  values were calculated by fitting the initial rates to the appropriate 

equation using Grafit 5.0 (Erithacus Software) and values were given as the mean ± standard 

error of three experiments. In all cases, standard error values were less than 30% of the mean 

values. 
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3.1 Comparison of the substrate-binding pocket of human ALDH1A enzymes 

The recent availability of the crystal structures of the holo-ALDH1A enzymes (Table 1) has 

allowed us to perform for the first time a comparative topological analysis of the substrate-

binding pockets of the three human ALDH1A holoenzymes. The three structures are well 

superimposed (pairwise RMSD values ranged from 0.429 to 0.659 Å) but they are not fully 

equivalent, as they correspond to different complexes with oxidized/reduced cofactor and 

with or without inhibitor or product molecule: ALDH1A1 with NADH, ALDH1A2 with NAD+ and 

WIN 18,446 inhibitor, and ALDH1A3 with NAD+ and retinoic acid. The active-site nucleophile 

Cys residue and the cofactor molecule could be well superimposed in the three structures. The 

contracted or open conformations of NAD+ in the ALDH1A2 and ALDH1A3 ternary complexes 

were similar to that of NADH in the ALDH1A1 binary complex [26,54,182]. The previously 

deposited ALDH1A2-NAD+ structure (PDB code 4X2Q) was incomplete as it included an 

unstructured segment between Asn475 and Met495 (corresponding to a loop region, Gly458-

Leu478 in ALDH1A1 and Asn469-Leu489 in ALDH1A3), located between the β18 sheet and α13 

helix, and it contained only a fragment of NAD+ presumably due to incomplete ligand 

occupancy. Overall, ALDH1A1, ALDH1A2 and ALDH1A3 exhibited similar topologies and 

decreasing volumes in their substrate-binding pockets, i.e. 534, 387, 357 Å3, respectively 

(Figure 27). Prior to using the most recent structure of ALDH1A2 (with PDB code 6ALJ), the 

former ALDH1A2 structure (with PDB code 4X2Q) was used to determine the volume of the 

substrate-binding pocket. After modeling the aforementioned loop (absent in the 4X2Q 

structure) by a molecular dynamics method, and after adding the missing region of the NAD+ 

cofactor, a volume of 427 Å3 was obtained. This value is close to the 387 Å3 here obtained with 

the complete ALDH1A2 6ALJ structure. 

 

Table 3 lists the residues lining the substrate-binding pocket in the ALDH1A enzymes. In the 

three structures, invariant Trp178 (ALDH1A1 numbering) and residue 460 (Val/Leu) define a 

bottle neck in the middle part of the pocket. In ALDH1A2, a new subpocket, lined by loop 

residues Leu477, Asn478 and Ala479, is observed near the solvent exposed area, which could 

be generated by inhibitor binding [54]. In an entire 20-residue ALDH1A2 segment (residues 

475-495), it is possible to identify six-residue changes in comparison with ALDH1A1: Asn475, 

Ala476, Leu477, Asn478 Ser481 and Met495, located in ALDH1A2, are replaced by Gly458, 

Val459, Val460, Ser461, Cys464 and Leu478, respectively, in the ALDH1A1 enzyme. However, 

only three residues, Asn478, Ser481 and Met495, are replaced by Tyr472, Ala475 and Leu489, 

respectively, in ALDH1A3. The first four contiguous residues, 475 to 478, were chosen to 

construct an ALDH1A2 mutant in order to mimic the ALDH1A1 architecture. 
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Figure 27. Crystallographic structure of the catalytic domain of the three human ALDH1A enzymes. (A), ALDH1A1; 
(B) ALDH1A2; (C) ALDH1A3. The contour of the substrate-binding pockets of ALDH1A1, ALDH1A2 and ALDH1A3 is 
colored purple, green and burgundy red, respectively. The cofactor (NAD

+
/NADH) is displayed in bluewhite. The 

residues lining the pocket, including the active-site cysteine, are indicated. The secondary structure is depicted in 
white ribbon representation while the 475-495 loop (ALDH1A2 residue numbering) is shown in yellow. 

A 

B 
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Residue 114, located in the NAD+-binding domain just before helix α3 (residues 115-136), 

which defines one side of the pocket, is Leu in ALDH1A1 but Pro in ALDH1A2 and ALDH1A3. 

Leu is typically a residue with a high α-helix-forming propensity while Pro could be helix 

breaker depending on its environment. Thus, the change L114P was selected for a mutant 

ALDH1A1 to make this part of the substrate-binding pocket more similar to that of 

ALDH1A2.The kinetic properties of these mutants are presented below in section 3.10. 

 

Table 3. Comparison of homologous residues lining the substrate-binding pocket of ALDH1A 

enzymes. 

3.2 Subcloning of human ALDH1A cDNAs into expression vectors 

Proper subcloning of ALDH cDNAs in the expression vectors pGEX-4T-2 and pET-30 Xa/LIC 

was checked by PCR amplification of inserts and DNA agarose gel electrophoresis analysis 

(Figure 28). A single DNA band of approximately 1500 bp (1506 bp in ALDH1A1, 1557 bp in 

ALDH1A2 (isoform 1) and 1539 bp in ALDH1A3) was obtained in all cases. DNA amplification 

was verified with a positive control including a DNA which was known to be amplified. A 

negative control was performed by leaving out template DNA.  

 

ALDH1A1 ALDH1A2 ALDH1A3 

   

Leu114* Pro131 Pro125 

Asn121 Val138 Ile132 

Gly125 Gly142 Gly136 

Lys128 Lys145 Arg139 

Thr129 Thr146 Thr140 

Trp178 Trp195 Trp189 

Ile304 Thr321 Thr315 

Gly458 Asn475* Asn469 

Val459 Ala476* Ala470 

Val460 Leu477* Leu471 

Ser461 Asn478* Tyr472 

Ala462 Ala479 Ala473 

*Asterisk indicates mutated residues. Bold face highlights strictly conserved residues. 
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Figure 28. Analysis of PCR products by 0.8% agarose gel electrophoresis. (a) Gene-Ruler™ 1 kb DNA Ladder (Annex 
1.3); (b) PCR positive control; (c) pGEX-4T-2/ALDH1A1; (d) pET-30 Xa/LIC/ALDH1A1; (e) pGEX-4T-2/ALDH1A2; (f) 
pET-30 Xa/LIC/ALDH1A2; (g) pGEX-4T-2/ALDH1A3; (h) pET-30 Xa/LIC/ALDH1A3; (i) PCR negative control. 
 
 

Regarding the construction of the ALDH1A2 isoform 1, fully delineated above in section 

2.2.1, the successful amplification of the full-length sequence, including the missing segment, 

is shown in Figure 29. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 29. Analysis of PCR amplification to obtain the full-length ALDH1A2 isoform 1, using 0.8% agarose 
electrophoresis (a) Gene-Ruler™ 1 kb DNA Ladder (Annex 1.3); (b) PCR positive control carried out with ALDH1A2 
isoform 2 as a DNA template. (c) Full-length ALDH1A2 cDNA. The DNA template used to obtain the band present in 
the agarose gel is the result of two independent PCRs using internal primers (d), PCR negative control performed in 
the absence of DNA template. 

 

After inserting the amplified DNA sequences into the corresponding expression vectors, 

pGEX-4T-2 and pET-30 Xa/LIC, the absence of undesired mutations was verified by DNA 

sequencing. 

 

3.3 Small-scale screening of protein expression of human ALDHs 

Figures 30-33 show the SDS-PAGE analyses of the ALDH1A1 protein expression at small 

scale, under different conditions, according to the scheme presented in Table 2 (Materials & 

Methods, section 2.6).   
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For all the ALDH1A1 cDNAs subcloned into pGEX-4T-2 (Figures 30-31), the expected 

molecular weight of the fusion proteins should be approximately 81 kDa (55 kDa for ALDH plus 

26 kDa for GST). This value agrees with the observed results. In general, most of the 

overexpressed protein appeared in the insoluble fraction (Figures 30-31, lanes d and h), both 

at 4 h after induction or in samples incubated O/N, independently of the O.D.595 at which the 

induction took place. 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 30.  SDS-PAGE analysis of protein expressed (0.2 mg/ml) by pGEX-4T-2/ALDH1A1 (O.D.595 = 0.8). (a) Bench-
Mark™ Protein Ladder (Annex 1.4); (b) Insoluble fraction (IF) of control after 4 h incubation without IPTG; (c) Soluble 
fraction (SF) of control after 4 h incubation without IPTG; (d) IF of 4 h after induction with IPTG; (e) SF of 4 h after 
induction with IPTG; (f) IF of control after O/N incubation without IPTG; (g) SF of control after O/N incubation 
without IPTG; (h) IF of O/N after induction with IPTG; (i) SF of O/N after induction of IPTG. The insoluble fraction 
contains the resuspended pellet from the cell fraction after lysis, and the soluble fraction is the cell lysis 
supernatant. ALDH1A1 bands are circled in red.  
 

Furthermore, the amount of expressed protein is greater if the induction with IPTG is 

extended during O/N incubation, as compared to the 4-h IPTG sample induction. This result is 

not so evident in the assay of the sample ALDH1A1/pGEX-4T-2 with an O.D.595 = 1.5, since the 

intensity of the observed band is similar in the two induction times (Figure 31). It is remarkable 

that the expression of the protein is not detected in the control samples, in which IPTG is not 

added, neither in the electrophoretic analysis of pGEX-4T-2/ALDH1A1 with O.D.595 = 0.8 nor in 

that of O.D.595 = 1.5. At this point, we could state that the induction of protein expression in 

the heterologous system has been produced efficiently in the insoluble fraction in both trials. 

 

 
 
 
 
 
 

50 kDa 
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Figure 31. SDS-PAGE analysis of protein expressed (0.2 mg/ml) by pGEX-4T-2/ALDH1A1 (O.D.595 = 1.5). (a) Bench-
Mark™ Protein Ladder (Annex 1.4); (b) Insoluble fraction (IF) of control after 4 h incubation without IPTG; (c) Soluble 
fraction (SF) of control after 4 h incubation without IPTG; (d) IF of 4 h after induction with IPTG; (e) SF of 4 h after 
induction with IPTG; (f) IF of control after O/N incubation without IPTG; (g) SF of control after O/N incubation 
without IPTG; (h) IF of O/N after induction with IPTG; (i) SF of O/N after induction of IPTG. The insoluble fraction 
contains the resuspended pellet from the cell fraction after lysis, and the soluble fraction is the cell lysis 
supernatant. ALDH1A1 bands are circled in red.  
 
 

For the ALDH cDNA subcloned into pET-30 Xa/LIC (Figures 32-33), the expected molecular 

weight of the fusion proteins is approximately 60 kDa (55 kDa for ALDH plus 5 kDa for the N-

terminal His tag). This value agrees with the observed results. In contrast to what was found 

with the pGEX-4T-2 constructs, the overexpressed protein was recovered preferentially in the 

supernatant as compared to the insoluble fraction (lanes e and i). This was especially true in 

the case of ALDH1A1, both at 4 h after induction or in samples incubated O/N, independently 

of the O.D.595 at which the induction was performed. O/N induction provided a higher amount 

of ALDH1A1 protein (Figures 32-33). In addition, the results showed that the optimal O.D.595 is 

0.8 (Figure 32) as compared to O.D.595 = 1.5 (Figure 33). 

 
 

The results obtained for the ALDH1A2 (isoform 1) and ALDH1A3 enzymes were similar to 

those presented for ALDH1A1. In all cases, the pGEX-4T-2/ALDH1A constructs showed higher 

expression of the recombinant protein in the insoluble fraction, generally being most efficient 

the O/N induction as compared to the 4-h incubation samples. In addition, and also generally, 

the expression of the protein presented a higher yield when the sample was grown at O.D.595 = 

0.8 instead of O.D.595 = 1.5. On the other hand, in the samples of the pET-30 Xa/LIC/ALDH1A 

constructs, for ALDH1A2 and ALDH1A3, a higher amount of protein was observed in the 

50 kDa 
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soluble fraction, being the most effective time of induction O/N as compared to 4 h, and 

keeping the growth before induction until an O.D.595 = 0.8 instead of O.D.595 = 1.5 (Figure 34). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 32. SDS-PAGE analysis of protein expressed (0.2 mg/ml) by pET-30 Xa/LIC/ALDH1A1 (O.D.595 = 0.8). (a) 
Bench- Mark™ Protein Ladder (Annex 1.4); (b) Insoluble fraction (IF) of control after 4 h incubation without IPTG; (c) 
Soluble fraction (SF) of control after 4 h incubation without IPTG; (d) IF of 4 h after induction with IPTG; (e) SF of 4 h 
after induction with IPTG; (f) IF of control after O/N incubation without IPTG; (g) SF of control after O/N incubation 
without IPTG; (h) IF of O/N after induction with IPTG; (i) SF of O/N after induction of IPTG. The insoluble fraction 
contains the resuspended pellet from the cell fraction after lysis and soluble fraction is the cell lysis supernatant. 
ALDH1A1 bands are circled in red.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 33. SDS-PAGE analysis of protein expressed (0.2 mg/ml) by pET-30 Xa/LIC/ALDH1A1 (O.D.595 = 1.5). (a) 
Bench- Mark™ Protein Ladder (Annex 1.4); (b) Insoluble fraction (IF) of control after 4 h incubation without IPTG; (c) 
Soluble fraction (SF) of control after 4 h incubation without IPTG; (d) IF of 4 h after induction with IPTG; (e) SF of 4 h 
after induction with IPTG; (f) IF of control after O/N incubation without IPTG; (g) SF of control after O/N incubation 
without IPTG; (h) IF of O/N after induction with IPTG; (i) SF of O/N after induction of IPTG. The insoluble fraction 
contains the resuspended pellet from the cell fraction after lysis and soluble fraction is the cell lysis supernatant. 
ALDH1A1 bands are circled in red. 
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Figure 34. SDS-PAGE analysis of protein expressed (0.2 mg/ml) by pET-30 Xa/LIC/ALDH1A2 (A) O.D.595 = 0.8; (B) 
O.D.595 =1.5 and pET-30 Xa/LIC/ALDH1A3 (C) O.D.595 = 0.8; (D) O.D.595 = 1.5. (a) Bench-Mark Protein Ladder (Annex 
1.4); (b) Insoluble fraction (IF) of control 4 h after induction without IPTG; (c) Soluble fraction (SF) of control 4 h 
after induction without IPTG; (d) IF of 4 h after induction with IPTG; (e) SF of 4 h after induction with IPTG; (f) IF of 
control O/N induction without IPTG; (g) SF of control O/N induction without IPTG; (h) IF of O/N induction with IPTG; 
(i) SF of O/N induction of IPTG. The insoluble fraction is corresponding with pellet cell fraction after lysis and soluble 
fraction is the cell lysis supernatant. ALDH1A2-ALDH1A3 bands are circled in red. 
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Therefore, the conditions chosen for the expression of all the recombinant proteins of the 

ALDH1A subfamily were the following: pET-30 Xa/LIC/ALDH1A constructs, with an O/N 

incubation after IPTG induction when O.D.595 = 0.8. 

 

3.4 Purification of recombinant human ALDH1A enzymes 

Once the conditions for protein overexpression had been established, large-scale protein 

purification from the soluble fraction was performed through affinity chromatography on a 

nickel-charged Sepharose column using an FPLC system. The chromatographic elution profile 

of ALDH1A, obtained by monitoring the column effluent at 280 nm, as well as the 

electrophoretic analyses of fractions, collected after various purification steps, are shown in 

Figure 35. Three main protein peaks were detected: the first peak corresponded to the 

unbound proteins (eluted with 5 mM imidazole), followed by the weakly bound proteins 

(eluted with 60 mM imidazole), and finally the His-tagged protein was eluted with 250 mM 

imidazole. The His tag was not removed from the fusion protein. 

 

 In all cases, most of the expressed protein is found in the soluble fraction. The fraction 

eluted with 250 mM imidazole exhibits a single band of the expected molecular weight, 

corresponding to the fusion protein between ALDH1A1 and the N-terminal His tag. Similar 

results were obtained with ALDH1A2 and ALDH1A3, although very minor contaminating bands 

were observed in ALDH1A1 SDS-PAGE. A final concentration of 7-11 mg/mL of pure enzyme 

was obtained. Enzyme aliquots, when stored at 4°C, showed protein precipitation within few 

days. In contrast, when aliquots were stored at −80°C, precipitates were not observed. For this 

reason, it was decided to store the purified enzymes in small volume aliquots at −80°C. 

 

3.5 Effect of Mg2+ ions on the dehydrogenase activity of human ALDH1A enzymes 

The inhibitory effect of Mg2+ ions and other divalent cations on ALDH1A1 (formerly referred 

as cytosolic ALDH or ALDH1) from human and other species had been reported, using 

acetaldehyde and propanal as substrates [88]. The Mg2+ effect using hexanal as a substrate is 

presented in this Thesis, since it is the substrate with the highest catalytic efficiency (Table 4). 

When examining the effect of Mg2+ ions on the dehydrogenase activity of ALDH1A enzymes, a 

quite distinct pattern was observed for each of the three enzymes (Figure 36). ALDH1A1 and 

ALDH1A2 activity decreased with increasing concentrations of Mg2+, while ALDH1A3 activity 

increased. ALDH1A1 was extremely sensitive to divalent cations and thus it lost more than 80% 

of its activity in the presence of 50 µM MgCl2. ALDH1A2 activity exhibited a less pronounced 

inhibitory pattern, losing only up to 40% of its activity when the Mg2+ concentration reached   
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Figure 35. FPLC elution profiles of a (His)6-ALDH1A purification on a nickel-charged Sepharose column (left) and 
SDS-PAGE analysis of ALDH1A expression and purification steps (right). (A) ALDH1A1; (B) ALDH1A2; (C) ALDH1A3; 
The blue line represents the amount of eluted protein measured by the absorbance at 280 nm and the green line 
represents the stepwise imidazole gradient. FT: flowthrough or unbound protein fraction. WB: weakly bound 
protein fraction. P: peak with protein of interest.  (a) Bench-Mark

TM
 Protein Ladder (reference bands are labeled in 

Annex 1.4); (b) Soluble protein fraction before induction; (c) Soluble protein fraction after IPTG induction; (d) 
Insoluble fraction after sonication; (e) Soluble fraction after sonication; (f) Flowthrough; (g) Weakly bound protein 
fraction; (h) peak with protein of interest (2 μg). 
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300 µM. In contrast, Mg2+ caused an opposite effect on ALDH1A3, since the enzyme activity 

increased as much as three-fold at 5 mM MgCl2 and four-fold when the MgCl2 concentration 

was raised up to 30 mM. Thus, thereafter, ALDH1A1 and ALDH1A2 were routinely assayed in 

the absence of Mg2+ and with 0.5 mM EDTA, while ALDH1A3 assays were performed in 30 mM 

MgCl2 without any chelating agent. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
Figure 36. Effect of Mg

2+
 ions on the dehydrogenase activity of (A) ALDH1A1, (B) ALDH1A2 and (C) ALDH1A3. 

Enzymatic assays were carried out in 50 mM HEPES, 0.5 mM DTT, pH 8.0 (for ALDH1A1 and ALDH1A2) or 50 mM 
HEPES, 5 mM DTT, pH 8.0 (for ALDH1A3), with 0.5 mM NAD

+
 and 250 μM hexanal, at 25°C. 
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3.6 Kinetic characterization of human ALDH1A enzymes with non-retinoid 

substrates 

A wide survey of the substrate specificity of the ALDH1A forms was performed by 

determining their kinetic parameters with cofactor NAD+ and a variety of aldehyde 

compounds, namely alkanals and alkenals, including lipid peroxidation products (Table 4). The 

three enzymes were active with all tested substrates. In terms of kcat/Km values, ALDH1A3 

exhibits the lowest values for all substrates, suggesting a moderate role in the physiological 

oxidation of these aldehydes. The kcat/Km values of ALDH1A1 and ALDH1A2 indicate a 

potentially major role in the transformation of these substrates with slightly different 

substrate specificity. Among the three enzymes, ALDH1A1 showed low Km and kcat values for 

most of the substrates, while ALDH1A2 exhibited the highest kcat values. With citral, which 

shares its isoprenoid nature with retinoids, ALDH1A1 showed the lowest Km (0.085 µM) and kcat 

(1 min−1) values. In fact, citral is a slow substrate but with high affinity, and has often been 

used as a competitive inhibitor of ALDH1A1 [35]. Saturated aldehydes (hexanal and octanal) 

exhibited higher catalytic efficiency than their unsaturated counterparts (trans-2-hexenal and 

trans-2-octenal). Hexanal was the best substrate for the three enzymes. Regarding the 

aldehydes derived from lipid peroxidation, 4-hydroxy-2-hexenal and 4-hydroxy-2-nonenal, the 

activity of the ALDH1A forms is comparable to that other ALDHs [183], suggesting a shared role 

in the oxidation of these physiological substrates. ALDH1A2 is the best enzyme for 4-hydroxy-

2-nonenal in terms of kcat/Km. Finally, the three enzymes showed esterase activity in the 

presence of NAD+, being ALDH1A2 the form with the highest catalytic efficiency. 

 

3.7 Optimization of the solvent extraction methodology for retinoid analysis 

HPLC has become the method of choice for the analysis of retinoids. The characteristic UV 

absorption spectra of the various retinoids allow the use of diode-array detection for 

identification of resolved retinoids. However, the use of HPLC in the quantification of a broad 

range of biologically important retinoids in a single run, within a reasonable amount of time, 

presents some difficulties. It is necessary an analytically robust assay which has to combine the 

requirements of sensitivity, specificity and resolution to separate the different isomers and 

analytes of retinoids endogenously present in cells [180,184]. The HPLC/UV-based 

methodology, used by our group for the analysis and characterization of enzymatic reactions 

of different enzymes with retinoids in vitro [109,110,113,185–187], has been extensively 

tested and used, showing that the extraction efficiency for both retinaldehyde and retinol is 

robust and excellent. However, this methodology was not efficient enough in the extraction of 

all the retinoid metabolites, particularly of retinoic acid.  
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Table 4. Kinetic constants of ALDH1A1, ALDH1A2 and ALDH1A3 with non-retinoid substrates. 
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Enzymatic activity was measured fluorimetrically at 25°C. ALDH1A1 and ALDH1A2 were assayed in 50 mM HEPES, 
0.5 mM EDTA, 0.5 mM DTT, pH 8.0. ALDH1A3 assays were performed in 50 mM HEPES, 30 mM MgCl2, 5 mM DTT, 
pH 8.0. NAD

+
 concentration was 500 µM. To calculate kcat values the molecular weight value used for ALDH1A1 was 

220,000 g/mol, for ALDH1A2 was 226,800 g/mol and for ALDH1A3 was 224,000 g/mol. NAD
+
 constants were 

determined using 250 μM hexanal as a substrate; NS, not saturated up to 375 µM 4-hydroxy-2-hexenal. The 
corresponding kcat/Km value of ALDH1A2 for 4-hydroxy-2-hexenal was determined from the slope of V/[E] versus [S] 
linear plot. 
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At this point, different solvent mixtures were tested to optimize retinoic acid recovery after 

the enzymatic reaction: hexane/dioxane/isopropanol (50:5:1) (v/v/v) [178,179], 

methanol/hexane (1:4) (v/v) [109], ethyl acetate [188], hexane/ethyl acetate (9:1) (v/v) [189], 

ethanol/hexane (1:4) (v/v) [190], and a two-step acid-base extraction [191]. From the 

evaluated methods, the two-step acid-base extraction was the most efficient to recover 

multiple retinoids, with a yield near 100% (Figure 37A, lane b). The basification step with 25 

mM KOH recovers nonpolar retinoids (retinol and retinyl esters), and the acidification step 

with 1 M HCl (pH 1.0) facilitates the recovery of retinoic acid and other polar retinoids 

[180,191–193]. 

 

We applied the two-step methodology for the recovery of retinoids from the cell media and 

enzymatic reaction buffer (50 mM HEPES, 0.5 mM EDTA, 0.5 mM DTT, pH 8.0), with good 

results. Owing the extreme acidic pH to achieve an efficient retinoic acid recovery, the silica 

resin constituting the HPLC column was altered, and the results obtained in terms of retention 

time and absorbance spectra of the retinoid compounds, were not satisfactory and anomalous 

peaks appeared. Furthermore, it is known that retinoids are labile to strong acids, particularly 

under anhydrous conditions [194,195]. The UV spectra of these anomalous peaks did not 

correspond to any retinoid standard. Moreover, the retention time of the retinoid peaks was 

different from its standard value, and even we observed a decrease in the absorbance of some 

nonpolar retinoid peaks followed by the appearance of anomalous peaks. We concluded that 

the column and the retinoid compounds became damaged as a result of the methodology 

used. In view of these results, we tried another approach based on the acidification protocol 

by Kane et al. [191], with minor modifications. Rather than using a strong acid like HCl, we 

performed a single extraction step with a mild acid such as 2.5 mM ammonium acetate, pH 4.5 

[189,191]. This new methodology highly improved the efficiency of retinoic acid extraction, 

both in culture media and enzymatic reaction buffer (Figure 37A, lane h, and Figure 37B, lanes 

b, d, f, h and j), without altering the retention times and absorbance spectra of the retinoid 

compounds. In addition, in the samples from the enzymatic reaction buffer, the solvent 

mixture hexane/dioxane/isopropanol (50:5:1) (v/v/v) provided a retinoic acid extraction 

efficiency near 100%, even without the treatment with 2.5 mM ammonium acetate. Thus, we 

decided to carry out the retinoic acid extraction with this solvent mixture when the enzymatic 

activity in vitro was tested. Apparently, the isopropanol present in the organic solvent mixture 

allowed us to recover the polar retinoids with the highest efficiency. 
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Figure 37. Extraction efficiency of retinoic acid from (A) cell media and from (B) enzymatic reaction buffer (50 mM 

Hepes, 0.5 mM EDTA, 0.5 mM DTT, pH 8.0), using different solvents. (A) Lanes: (a) extraction with 

methanol/hexane (1:4), the classical method for the extraction of retinaldehyde and retinol from in vitro enzymatic 

reactions; (b) two-step acid-base extraction; (c) hexane; (d) hexane/ethyl acetate (9:1); (e) ethanol/hexane (1:4); (f) 

ethyl acetate; (g) hexane/dioxane/isopropanol (50:5:1); (h) acidification of the media with 2.5 mM ammonium 

acetate (pH 4.5) plus methanol/hexane (1:4). (B) Lanes: (a) hexane; (b) acidification of the media with 2.5 mM 

ammonium acetate (pH 4.5) plus hexane; (c) methanol/hexane (1:4); (d) acidification of the media with 2.5 mM 

ammonium acetate (pH 4.5) plus methanol/hexane (1:4); (e) acetonitrile plus hexane; (f) acidification of the media 

with 2.5 mM ammonium acetate (pH 4.5)  plus acetonitrile plus hexane; (g) ethyl acetate; (h) acidification of the 

media with 2.5 mM ammonium acetate (pH 4.5) plus ethyl acetate; (i) hexane/dioxane/isopropanol (50:5:1); (j) 

acidification of the media with 2.5 mM ammonium acetate (pH 4.5) plus hexane/dioxane/isopropanol (50:5:1).  
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3.8 Kinetic characterization of human ALDH1A enzymes with retinaldehyde 

The activity with retinoid molecules was determined by using an HPLC-based method to 

analyze the substrates and reaction products (Figure 38). As already mentioned in the previous 

section, different solvent mixtures were tested to optimize retinoid recovery after the 

enzymatic reaction. From the evaluated methods, the extraction with 

hexane/dioxane/isopropanol (50:5:1) (v/v/v) was chosen since it was the most efficient in 

recovering retinaldehyde and retinoic acid from the activity buffer, with a yield near 100%. To 

our knowledge, this is the first time that this extraction method and the use of BSA in the 

activity assay have been applied to determine the enzymatic activity of ALDH1A enzymes with 

retinoids. In all cases, concomitant retinaldehyde consumption and retinoic acid production, 

under steady state conditions, could be measured. Table 5 shows the kinetic constants of the 

ALDH1A enzymes with all-trans and 9-cis-retinaldehyde. ALDH1A enzymes were fairly active 

with the two isomers and followed Michaelis-Menten kinetics, with Km values in the 

micromolar range. The three forms exhibited lower Km values for 9-cis-retinaldehyde than for 

all-trans-retinaldehyde. Regarding the kcat values, they were higher for the all-trans isomer 

(ALDH1A2 and ALDH1A3) or similar for the two isomers (ALDH1A1). This results in, that for the 

most physiological isomer, all-trans-retinaldehyde, ALDH1A3 is the best enzyme in terms of 

kcat/Km, followed by ALDH1A2. Conversely, the kcat value and the catalytic efficiency of ALDH1A3 

are lowest for the 9-cis isomer. The all-trans-retinaldehyde specificity of ALDH1A3 within the 

ALDH1A subfamily is a remarkable feature given the fact that this enzyme exhibited the lowest 

kcat/Km values with all examined non-retinoid substrates. Overall, the kcat/Km values were within 

the upper range for most aldehyde substrates. 

 

Table 5. Kinetic constants of ALDH1A1, ALDH1A2 and ALDH1A3 with retinaldehyde isomers. 

Enzymatic activity was measured at 37°C by using the HPLC-based method. The assay buffer for each enzyme was 
the same as that for the fluorimetric assays. 
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Figure 38. HPLC-based method for ALDH activity determination with retinaldehyde. (A) Elution profile of all-trans- 
and 9-cis-retinoids and UV-vis spectra for (B) all-trans-retinaldehyde and (C) all-trans-retinoic acid. The HPLC 
chromatogram shows the separation of all-trans and 9-cis-retinaldehyde substrates and the corresponding retinoic 
acid products after the retinaldehyde dehydrogenase reaction catalyzed by ALDH1A1. Chromatogram recorded at 
350 nm.  
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3.9 Kinetic characterization of human ALDH1A enzymes with 14’- and 12’-apo-β-

carotenals 

The activity of ALDH1A enzymes with apo-β-carotenals (14’- and 12’-apo-β-carotenals) was 

monitored using the HPLC-based method described above in section 2.10.1. The simultaneous 

detection of substrates and reaction products was performed. In all cases, concomitant 

consumption of 14’- and 12’-apo-β-carotenals, and production of the corresponding 14’- and 

12’-apo-β-carotenoic acids, respectively, were followed [196]. Thus, ALDH1A enzymes turned 

out to be active with 14’- and 12’-apo-β-carotenals. 

 

Table 6 compares the kinetic constants of the ALDH1A enzymes with 12’- and 14’-apo-β-

carotenals, showing some differential substrate specificity. In general, Km values were in the 

micromolar range, except for ALDH1A1 and ALDH1A3, which were not saturated with 12’-apo-

β-carotenal and 14’-apo-β-carotenal, respectively. While ALDH1A1 showed higher specificity 

for 14’-apo-β-carotenal, ALDH1A2 exhibited higher catalytic efficiency for 12’-apo-β-carotenal. 

This catalytic efficiency is about ten-fold higher than those of ALDH1A1 and ALDH1A3, and 

similar to that observed for these enzymes with all-trans-retinaldehyde. The kcat values are in 

the same range in all the experiments performed, but lower than those for all-trans-

retinaldehyde. To date, the enzymatic activity of ALDH with these compounds had only been 

reported in microorganisms [197]. This is the first report on the apocarotenal dehydrogenase 

activity of human ALDH1A enzymes [196].  

 

Table 6. Kinetic constants of human ALDH1A enzymes with apo-β-carotenals. 

Enzymatic activity was measured in 50 mM HEPES, 0.5 mM NAD
+
, including 0.5 mM EDTA and 0.5 mM DTT, pH 8.0, 

for ALDH1A1 and ALDH1A2, or 30 mM MgCl2 and 5mM DTT for ALDH1A3, at 37°C. Apocarotenoic acid production 
was quantified by using an HPLC-based method. NS, no saturation (60 µM was the highest substrate concentration 
tested in the assay), where the kcat/Km value was calculated from the slope of V/[E] vs [S] plot. 
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3.10 Kinetic characterization of mutant ALDH1A enzymes 

In order to test the role of specific residues in determining the kinetic properties of ALDH1A 

enzymes, we performed site-directed mutagenesis of selected residues based on structural 

differences (section 3.1). The substitution L114P, defining one site of the substrate-binding 

pocket, was selected for a mutant ALDH1A1 to make this part of the structure more similar to 

that of ALDH1A2. Concurrently, in ALDH1A2, four contiguous residue changes, N475G, A476V, 

L477V and N478S (corresponding to the region of the loop) were made to mimic the structure 

of ALDH1A1. The cofactor NAD+, three typical aldehyde substrates and both retinaldehyde 

isomers were tested. Table 7 shows the comparison of the kinetic constants of the wild-type 

enzymes and their corresponding mutants. Cofactor kinetics did not change in the mutants, 

suggesting that NAD+ binding was not affected by the mutations. 

 

 Table 7. Kinetic constants of mutant ALDH1A1 and ALDH1A2. 
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For the ALDH1A1 L114P mutant, there was a significant increase (50-100 fold) in the Km 

values for hexanal and citral. This caused the catalytic efficiency for these substrates, especially 

citral, to be more similar to that of wild-type ALDH1A2. Conversely, the major effect observed 

with the mutant ALDH1A2 was a 50-fold decrease in the Km value for citral. This decline, 

together with the 5-fold decrease in the kcat value, implies that the catalytic efficiency of 

mutant ALDH1A2 for citral was closer to that observed in wild-type ALDH1A1. Regarding 

kinetics with retinaldehyde isomers, the mutants did not show significant differences with the 

respective wild-type forms, suggesting that the mutated residues are not critical for 

retinaldehyde specificity. 

 

3.11 Determination of the selectivity of various inhibitors for ALDH1A enzymes 

We first tested, with each one of the ALDH1A enzymes, some compounds already know to 

be good ALDH inhibitors, such as DEAB and WIN 18,446. DEAB is the compound for which a 

lowest IC50 is obtained against ALDH1A1. Furthermore, it is not a good inhibitor neither of 

ALDH1A2 nor of ALDH1A3. In contrast, WIN 18,446 is a potent inhibitor against ALDH1A2, with 

an IC50 value in nanomolar range, while the IC50 values for ALDH1A1 and ALDH1A3 are in 

micromolar range. Therefore, we can state that DEAB and WIN 18,446 are potent and selective 

inhibitors for ALDH1A1 and ALDH1A2, respectively (Table 8 and Figure 40).  

 

Table 8. IC50 values (μM) of DEAB and WIN 18,446 against ALDH1A enzymes. 

 

 

 

 

 

IC50 values were obtained fluorimetrically at 25°C. ALDH1A1 and ALDH1A2 were assayed in 50 mM 
HEPES, 0.5 mM EDTA, 0.5 mM DTT, pH 8.0. ALDH1A3 assays were performed in 50 mM HEPES, 30 
mM MgCl2, 5 mM DTT, pH 8.0. NAD

+
 concentration was 500 µM. Experimental values are shown as 

the mean ± standard error. 
 

In order to find novel, potent and selective inhibitors against ALDH1As, a screening was 

carried out with some compounds that had been described as inhibitors of other 

oxidoreductases. In particular, compounds that had shown inhibitory capacity against human 

AKRs were tested. The reason why these compounds were chosen is because some AKR1Bs 

and the ALDH1As share substrate specificity for all-trans-retinaldehyde [109]. Many 

compounds had been developed as inhibitors of the AKR1B subfamily with the purpose to use 

them to treat the pathologies in which AKR1B1 and AKR1B10 are involved, such as diabetes 
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and cancer. However, very few of them showed sufficient therapeutic efficacy in clinical trials. 

Some inhibitors, like tolrestat, were commercialized for some time, but most of the drug 

candidates failed because of their poor pharmacokinetic properties and/or unacceptable side 

effects, mainly due to their toxicity and unspecific in vivo action [198–200].  

 

Recently, a new series of compounds named 1-oxopyrimido[4,5-c]quinolone-2-acetic acid 

and thiazolidinedione-acetic acid derivatives, provided by Dr. Kamel Metwally, have been 

described as AKR inhibitors [201,202]. Some of these compounds have been selected to test 

their inhibitory capacity on ALDH1As (Tables 9-10). Similarly, the series of JF inhibitors, 

provided by Biomar Microbial Technologies S.A. and synthesized by de la Fuente and 

coworkers [203], were tested in order to determine the inhibitory capacity against ALDH. 

Marine natural products were the initial point for the synthesis of this series of 

polyhalogenated derivatives [204] (Figure 39). 

    

 

Figure 39. The series of JF compounds. The structures were reproduced from [205]. 

 

The results obtained in a quick inhibition screening with 10 μM compound are listed in the 

Table 11. Regarding the 1-oxopyrimido[4,5-c]quinoline-2-acetic acid series, compounds 64 and 

65, exhibited a high inhibitory capacity against ALDH1A2 and ALDH1A3 activities, being more 

potent on ALDH1A3. Compound 66 showed a high inhibitory capacity against the three 

ALDH1A enzymes, thus being potent but not a selective ALDH1A inhibitor. Compound 70 was a 

potent inhibitor of ALDH1A2, with only 33% of enzymatic activity remaining in the presence of 

10 μM of this compound.  Compounds 37-48 had little or null inhibitory effect on ALDH1As. 
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Table 9. Molecular structure of 1-oxopyrimido[4,5-c]quinoline-2-acetic acid compounds. 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                  

The different substituent in R1, R2 and R3 is detailed.  

 
 
Table 10. Molecular structure of thiazolidinedione-acetic acid compounds. 
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Related to the thiazolidinedione-acetic acid series, compound 5b did not show any potent 

inhibitory effect on ALDH1A1, ALDH1A2 or ALDH1A3. However, compound 5c was a good 

inhibitor of ALDH1A3, decreasing the enzymatic activity of this enzyme down to approximately 

40%. Finally, is important to remark that compound 5a reduced the ALDH1A1 enzymatic 

activity down to 10%, becoming the compound with the highest inhibitory potency against 

ALDH1A1. Nevertheless, this inhibitor was not selective against ALDH1A1, since it decreased 

the ALDH1A3 activity down to 25%.  

 

Table 11. Inhibitory effect of various compounds at 10 μM on ALDH1A enzymes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The inhibitory effect is expressed as percentage of remaining activity (%). In 
red and bold, activity values below 50%. 

 

Those compounds resulting in remaining activity values below 50% were selected for 

further studies on the determination of IC50 values (Table 12). 
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Table 12. IC50 values (μM) of selected compounds against ALDH1A enzymes. 

 

IC50 values were obtained fluorimetrically at 25°C. ALDH1A1 and ALDH1A2 were assayed in 50 mM HEPES, 0.5 mM 
EDTA, 0.5 mM DTT, pH 8.0. ALDH1A3 assays were performed in 50 mM HEPES, 30 mM MgCl2, 5 mM DTT, pH 8.0. 
NAD

+
 concentration was 500 µM. Experimental values are shown as the mean ± standard error. 

 

 
In summary, ALDH1A1 was significantly inhibited by compounds 66 and 5a, while ALDH1A2 

was inhibited by compounds 64, 65, 66 and 70, and ALDH1A3 was inhibited by compounds 64, 

65, 66, 5a and 5c.  

 

Related to the results observed in ALDH1A3, it is remarkable that a potent or selective 

inhibitor for ALDH1A3 has not been described to date. In the results shown in Tables 10-11, it 

is noteworthy that the compounds named 64, 65 and 66 exhibit an important effect on the 

ALDH1A3 enzymatic activity, with IC50 values in the micromolar range. Although these 

compounds also inhibit ALDH1A2, the IC50 values are always lower for ALDH1A3. Thus, we can 

state that, for the first time, very potent inhibitors for ALDH1A3 isozyme have been described 

(Figure 40C). 
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Figure 40. IC50 plots of ALDH1As with the most potent inhibitors. (A) ALDH1A1 with DEAB; (B) 
ALDH1A2 with WIN 18,446; (C) ALDH1A3 with compound 65. IC50 values were obtained 
fluorimetrically at 25°C. ALDH1A1 and ALDH1A2 were assayed in 50 mM HEPES, 0.5 mM EDTA, 0.5 
mM DTT, pH 8.0. ALDH1A3 assays were performed in 50 mM HEPES, 30 mM MgCl2, 5 mM DTT, pH 
8.0. NAD

+
 concentration was 500 µM. The substrate of the reaction was hexanal at saturated 

concentrations (10 µM for ALDH1A1 and 250 µM for ALDH1A2 and ALDH1A3). Experimental values 
are shown as the mean ± standard error.  
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The enzymes from the ALDH1A subfamily are NAD+-dependent cytosolic retinaldehyde 

dehydrogenases involved in the last metabolic step of retinoic acid biosynthesis. Their 

essential role in retinoic acid homeostasis and signaling has been widely shown by knockout 

mice studies [206] and, more recently, by their involvement in human genetic diseases 

[69,207]. In the present Thesis, the three human ALDH1A enzymes, ALDH1A1, ALDH1A2 and 

ALDH1A3, were recombinantly expressed in a heterologous system and purified in soluble and 

enzymatically active forms. For the first time, a structural and functional characterization of 

the three human enzymes of ALDH1A subfamily has been performed side-by-side and using a 

similar methodology. 

 

The recent reports on the crystallographic structures of the human ALDH1A enzymes have 

enabled the close comparison of their three-dimensional features. As expected from their 

overall amino acid sequence identity of 70%, the three enzymes exhibit a high degree of 

structural similarity but demonstrate significant differences in their substrate-binding pockets. 

Although ALDH1A1, ALDH1A2 and ALDH1A3 show similar topologies, they have decreasing 

enclosed volumes in their substrate-binding pockets, with ALDH1A2 showing a distinct 

subpocket associated to its 471-495 loop. Most residues in the active-site channel are 

conserved: nine out of twelve residues, between ALDH1A2 and ALDH1A3, while only five 

residues are shared with ALDH1A1 (Table 3). Most residue differences in ALDH1A1 are 

concentrated in the loop region. Ile132, Gly136, Arg139, Thr140, Trp189, Leu471 and Ala473 

establish van der Waals interactions with retinoic acid in ALDH1A3 [182]. Three residues, 125, 

460 and 304 (ALDH1A1 numbering), located at the channel entrance, bottom and neck, 

respectively, were previously pointed as important for the substrate-binding pocket to 

determine the ability to harbor either small or large substrates in ALDH1 vs ALDH2 enzymes 

[25]. Importantly, residue 304 interacts with retinoic acid in ALDH1A3 [182]. Residue 125 

remains an invariable Gly in the three ALDH1A enzymes and residue 460 shows a conservative 

substitution (a hydrophobic Val or Leu), but residue 304 involves a significant exchange 

(Ile/Thr) (Table 3). Residues 458 (Gly in ALDH1A1, and Asn in ALDH1A2 and ALDH1A3) and 461 

(Ser in ALDH1A1, Asn in ALDH1A2 and Tyr in ALDH1A3) display even more remarkable 

substitutions. Such variability may be important in shaping the enclosed volume and topology 

of the substrate-binding site, and in modulating substrate specificity. 

 

The three enzymes bound and used NAD+ with high efficiency as a cofactor. Their activity 

was analyzed with typical aliphatic aldehydes (alkanals and alkenals) (Table 4), as well as with 

retinaldehyde (Table 5). Among the three enzymes, ALDH1A1 showed the most distinct kinetic 
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properties, with the lowest Km and kcat values for all the substrates examined. With citral (3,7-

dimethyl-2,6-octadienal), which shares its isoprenoid nature with retinoids, ALDH1A1 showed 

the lowest Km (0.085 μM) and kcat (1 min−1) values. In fact, citral was often used as a 

competitive inhibitor of ALDH1A1 [35] and citral specificity for ALDH1A1 could be linked in part 

to residue 114 (ALDH1A1 L114P mutant) and to residues 458 to 461 (ALDH1A2 mutant). 

Interestingly, no major differences were detected between saturated (hexanal) and 

unsaturated (trans-2-hexenal) compounds with the same number of carbons. The differences 

in kcat values between isoprenoids and medium-chain alkanals and alkenals could be attributed 

to a distinct rate-limiting step in the catalysis. The low kcat values are typically observed in 

ALDH1A enzymes with retinaldehyde and other isoprenoid compounds [208]. 

 

ALDH1A2 showed a low Km and the highest kcat value with hexanal, which made this 

substrate to be the most specific for this enzyme, while trans-2-hexenal was much less specific. 

In this case, Km and kcat values for citral were much higher than those of ALDH1A1, being in the 

same order of magnitude as for medium-chain aliphatic substrates. 

 

ALDH1A3 displayed the highest Km values with all the analyzed substrates (except with 

citral). More differences were detected between saturated and unsaturated compounds than 

in other enzymes. Thus, ALDH1A3 showed a five times higher Km for trans-2-hexenal than for 

hexanal, while the kcat value was five times lower. The enzyme showed the kcat values in the 

same order of magnitude as ALDH1A1, distancing itself from the high values observed for 

ALDH1A2. 

 

Given the relevance of ALDH1A enzymes to retinoic acid production, we also investigated 

the contribution of each enzyme to retinaldehyde oxidation. In order to determine 

retinaldehyde activity, we followed, for the first time in ALDH studies, a well-proven strategy 

for retinoid solubilization (with fatty acid-free BSA) [209] and an improved HPLC-based method 

to unequivocally monitor substrate disappearance and product formation using an end-point 

assay. This combined approach allowed us to work with a very low concentration of substrate 

and in the absence of any added detergent or organic solvent. This is not feasible with other 

methodologies, such as UV-vis spectrophotometry, which have been classically used in 

previous studies [56,167,182,210]. The three ALDH1A enzymes are active with the two 

physiological retinaldehyde isomers, meaning that their distinct active-sites allow binding of 

retinoid molecules, as directly observed by retinoic acid binding in the ALDH1A3 

crystallographic structure [182]. Residues Asn469, Leu471 and Ala473 have been pointed out 
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as making hydrophobic contacts with the retinoid molecule in the ALDH1A3 structure. Only 

Ala473 is strictly conserved in the three ALDH1A enzymes, while Asn469 and Leu471 are 

conserved in ALDH1A2 (Table 3). Despite of exchanging some of these residues important for 

retinoid binding, between ALDH1A1 and ALDH1A2, no major effect was observed in the kinetic 

constants for all-trans-retinaldehyde, supporting the idea that some variability is allowed 

within the loop residues without compromising retinoid binding. This variability may be linked 

with the retinoid isomer specificity. In this regard, ALDH1A3 is truly specific for all-trans-

retinaldehyde, as its catalytic efficiency with this substrate is 80-fold higher than with 9-cis-

retinaldehyde. The unfavorable kinetics of ALDH1A3 with the 9-cis isomer may be explained by 

steric hindrance due to the smaller volume of the substrate-binding pocket, compared to those 

of ALDH1A1 and ALDH1A2. ALDH1A3 appears to be the most conspicuous all-trans-

retinaldehyde dehydrogenase since it exhibits the highest kcat/Km value among the ALDH1A 

forms, and this substrate is the most efficiently catalyzed by ALDH1A3 other than hexanal.  

 

We have shown that human retinaldehyde dehydrogenases are capable of using apo-β-

carotenals as substrates with good catalytic efficiency. ALDH1A1 and ALDH1A2 exhibit higher 

substrate specificity for 12’-apo-β-carotenal and 14’-apo-β-carotenal, respectively, while 

ALDH1A3 shows a similar efficiency for the two compounds. Overall, the substrate specificity 

of ALDH1A enzymes with apo-β-carotenals is comparable to that with all-trans-retinaldehyde, 

indicating that these enzymes might play a physiological role in the metabolism of 

apocarotenoids.  

 

The study of the substrate-binding pocket aims to tackle the question whether specific 

residue differences could be affecting enzymatic activity. Previously reported kinetic 

parameters were obtained using a plethora of experimental conditions, including buffer type, 

pH, use of Mg2+ ions, chelating and reducing compounds, and solubilizing agents 

[56,167,182,208,210,211]. Here, for the first time, the activity of the three human ALDH1A 

enzymes was characterized side-by-side under similar experimental conditions, making 

possible the most thorough comparative study reported so far. Previously, the enzymatic 

activity of these proteins had been described, using typical aldehyde substrates and retinoids, 

mostly in rodent species. Thus, the retinoid activity of rat ALDH1A1 was characterized [212] 

and the kinetic constants with retinoids were determined for rat [30,208] and mouse [213] 

ALDH1A2. The enzymatic activity of mouse ALDH1A3 was characterized with several aldehydes 

[62] and its Km values were reported for retinoids [214]. Furthermore, the human ALDH1A1, 

ALDH1A2 and ALDH1A3 had been partially characterized as well. Thus, the enzymatic activity 
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of human ALDH1A1 was studied with typical aldehyde substrates [177] and their Michaelis-

Menten constants were reported for retinoids [208,211]. Recently, some kinetic constants of 

human ALDH1A2 and ALDH1A3 for retinoids were also determined, although using a much less 

reliable methodology for retinoid solubilization and analysis [56,69]. Similarly to the human 

ortholog protein, mouse and rat ALDH1A2 catalyze the oxidation of both all-trans- and 9-cis-

retinaldehyde and, like the human enzyme, mouse ALDH1A3 is highly specific for all-trans-

retinaldehyde [214]. Despite these reports, not a single report with a common methodology 

and under the same experimental conditions described simultaneously the enzymatic 

characterization of the human ALDH1A enzymes. 

 

Therefore, the robust methodology employed and the data obtained in this Thesis has been 

useful to compare the kinetic properties between the three ALDH1A enzymes and with 

previous reports. For human ALDH1A1, our results with typical aldehydes (trans-2-hexenal and 

citral) are quite similar to those published by Solobodowska et al., [177]. For human ALDH1A2, 

our results show kcat values much higher and Km values 4-fold lower than those previously 

observed by Shabtai et al. [56], whose experimental methods included the use of a reaction 

buffer that combined the presence of MgCl2 and the chelating agent EDTA, making uncertain 

the actual concentration of Mg2+ ions. For human ALDH1A3, the obtained results are 

comparable with those of rat ALDH1A3 [62], where the kinetic parameters were evaluated 

using hexanal and benzaldehyde. In all cases, the Km values were in micromolar range.  

 

Up to now, the effect of divalent cations only had been assessed with ALDH1A1 (formerly 

known as ALDH1 or cytosolic ALDH) and ALDH2 (namely mitochondrial ALDH). Interestingly, 

the effect of Mg2+ ions is quite distinct for each ALDH1A enzyme. While ALDH1A1 activity is 

severely inhibited, ALDH1A2 activity is moderately reduced and, in contrast, ALDH1A3 is 

significantly increased. The relevant Mg2+ concentrations fall within the range of the 

physiological intracellular concentrations of free Mg2+ ions (0.5-1 mM) [215]. The inhibitory 

effect of Mg2+ ions had been described previously for ALDH1A1 and seems to be related to 

coenzyme dissociation [82]. Magnesium stabilizes the cofactor binding by interacting with the 

pyrophosphate group and making NADH dissociation slower. The decrease in activity of 

ALDH1A1 with Mg2+ ions is therefore evidence that coenzyme dissociation is the rate-limiting 

step, as previously proposed [82]. The rate-limiting steps for ALDH1A2 and ALDH1A3 are 

currently unknown. The moderately inhibitory effect of Mg2+ ions on ALDH1A2 may support a 

limiting step similar to that of ALDH1A1, i.e. coenzyme dissociation. The activating effect on 

ALDH1A3 is consistent with what was previously observed for mouse ALDH1A3 [62]. This 
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activation is reminiscent of the reported effect on the mitochondrial ALDH2 form, where Mg2+ 

ions enhanced deacylation, which is the rate-limiting step for this enzyme [88]. The similar 

activation by Mg2+ ions observed here for ALDH1A3 gives support for deacylation being the 

rate-limiting step for ALDH1A3. Thus, our results are consistent with cofactor dissociation 

being the rate-limiting step for ALDH1A1 and ALDH1A2, and deacylation for ALDH1A3.  

 

Regarding the effect of ALDHs on embryonic development, it is remarkable that the 

knockout of ALDH1A1 did not severely affect the morphology of the retina [149], indicating 

that other ALDH1A enzymes might redundantly share the function of ALDH1A1. In addition, 

ALDH1A1 is able to induce the differentiation of hematopoietic and neural stem cells and has 

been widely used as a marker of cancer stem cells. ALDH1A1 is also involved in 

chemoresistance, specifically against cyclophosphamide treatment [46]. In adults, ALDH1A2 is 

involved in spermatogenesis, which is the basis of inhibitor development intended as 

anticonceptive drugs [54,166]. ALDH1A3 is expressed in the ventral retina across various 

species [155,156] and is essential for the development of the central nervous system and the 

morphogenesis of anterior head structures. Therefore, the three ALDH1A enzymes are 

essential for embryonic and adult life because of their role in retinoic acid synthesis. The low 

micromolar range Km values with all-trans-retinaldehyde, the most physiological relevant 

isomer, and high catalytic efficiency, common for human and murine enzymes, are suitable for 

this role. The higher efficiency of ALDH1A2 and ALDH1A3 correlates with the stronger effects 

of the respective knock-outs. 

 

From the single-point analysis of the inhibitory effect (Table 9) and the IC50 values (Tables 

10-11) of various synthetic compounds against ALDH1A enzymes, some points could be 

featured. In general, the most potent inhibitors from the 1-oxopyrimido[4,5-c]quinoline-2-

acetic acid series are compounds 64, 65 and 66. Compounds 64 and 65 are excellent inhibitors 

against both ALDH1A2 and ALDH1A3, but not for ALDH1A1. In contrast, only 66 is a good 

inhibitor versus the three ALDH1A enzymes. According with these results, it can be deduced 

that the presence of a bulky benzene group in R3 is important for binding. Regarding ALDH1A1, 

the presence of a chlorine atom in R2 (as in compounds 64 and 65) may be detrimental for 

their inhibitory capacity. Compound 70 shows an inhibitory effect on ALDH1A1, ALDH1A2 and 

ALDH1A3, being ALDH1A2 the most sensitive enzyme. This enhanced selectivity for ALDH1A2 

might be due to the presence of a fluorine atom in R1. This is supported by the fact that, in the 

absence of a fluorine atom, the inhibitory capacity is lost, like in compound 68.  Moreover, 

when the R3 ethyl group is substituted by a methyl group, the inhibition also disappears, as in 
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compound 39. As for the thiazolidinedione-acetic acid derivatives, 5a is a much better inhibitor 

against ALDH1A1 and ALDH1A3 against ALDH1A2. Interestingly, compound 5c is the most 

selective inhibitor, showing only inhibition for ALDH1A3, while 5a inhibits both ALDH1A1 and 

ALDH1A3. The presence of a chlorine atom in R1 (as in 5c) seems to be detrimental for the 

inhibitory activity against ALDH1A1 and ALDH1A2. Finally, in regard to the JF series, only 

JF0064 shows inhibition against the three ALDH1A enzymes, with IC50 values in the micromolar 

range for the three enzymes. Although JF0064 contains two benzene rings and fluorine atoms, 

it is a smaller molecule than other members of JF series, such as JF0048 or JF0049, which do 

not exhibit fluorine atoms. These other compounds do not have inhibitory capacity on ALDH1A 

enzymes. Thus, it is likely that the fluorine atoms may play an important role in the inhibition 

mechanism. 

 

In summary, it can be concluded that the three enzymes, ALDH1A1, ALDH1A2 and 

ALDH1A3, share similar substrate-binding pocket topologies (with some scattered point 

residue differences and decreasing enclosed volumes) and common substrate specificity (with 

some notable singularities). Some kinetic features, such as the citral specificity for ALDH1A1, 

have been linked in part to residue 114 and to residues 458 to 461 of the loop located 

between the β18 sheet and α13 helix. The specificity of ALDH1A3 for the all-trans- versus 9-cis 

isomer of retinaldehyde might be related to the smaller volume of its substrate-binding 

pocket. Among ALDH1As, ALDH1A3 exhibits the highest kcat/Km value for all-trans-

retinaldehyde but the lowest values for all other aldehyde substrates, indicating a strong 

substrate specificity of ALDH1A3 for all-trans-retinaldehyde. In addition to the known role of 

ALDH1A enzymes in the conversion of retinadehyde to retinoic acid, they all may participate in 

aldehyde detoxification and, specifically, in the elimination of lipid peroxidation products 

(trans-2-hexenal, 4-hydroxy-2-hexenal and 4-hydroxy-2-nonenal). In addition, the substrate 

specificity of ALDH1A enzymes with apo-β-carotenals indicates a possible physiological role of 

these enzymes in the metabolism of these compounds and thus in the pathway derived from 

the eccentric cleavage of β-carotene by BCO2. Both types of activity are relevant to 

physiological roles of ALDH1A enzymes, such embryogenesis or stemness maintenance in 

normal and cancer stem cells. It is important to remark that a novel selective ALDH1A3 

inhibitor has been identified, while novel, potent and selective inhibitors for ALDH1A1 and 

ALDH1A2 have been explored. These preliminary results appear to be very promising to 

develop new pharmacophores by using structure-based drug design. 
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1. ALDH1A1, ALDH1A2 and ALDH1A3 share similar topologies in their substrate-binding 

pockets, with some notable singularities. The three enzymes exhibited decreasing 

volumes in their substrate-binding pockets, 534, 387 and 357 Å3, respectively. 

 

2. In ALDH1A2, a new subpocket, lined by loop residues Leu477, Asn478 and Ala479 

(ALDH1A2 numbering), is observed near the solvent exposed area, which could be 

generated by inhibitor binding. 

 

3. Human ALDH1A enzymes (ALDH1A1, ALDH1A2 and ALDH1A3) were recombinantly 

expressed in E. coli in soluble and active form, and affinity purified in a single 

chromatographic step from the soluble fraction of bacterial lysates. 

 

4. The effect of Mg2+ ions on the dehydrogenase activity of ALDH1A enzymes, using 

hexanal as a substrate, shows a quite distinct pattern for each of the three enzymes. 

While ALDH1A1 and ALDH1A2 activity decreased with increasing concentrations of 

Mg2+, the ALDH1A3 activity was increased. This may reflect a different rate-limiting 

step: cofactor dissociation in ALDH1A1 and ALDH1A2, and deacylation in ALDH1A3. 

 

5. The kinetic properties of the three human enzymes were characterized side-by-side 

and using a similar methodology. All analyzed ALDHs exhibited NAD+-dependent 

dehydrogenase activity with typical aldehyde substrates. 

 

6. The kcat/Km values of ALDH1A1 and ALDH1A2 for typical aldehyde substrates indicate a 

potentially major role in the transformation of these substrates with slightly different 

substrate specificity, while ALDH1A3 exhibits the lowest values in terms of kcat/Km for 

all substrates, suggesting a moderate role in the physiological oxidation of these 

aldehydes. 

 

7. The retinaldehyde dehydrogenase activity of the ALDH1A enzymes was determined by 

using a novel solubilization method in the absence of detergents or organic solvents 

and a sensitive HPLC-based method, which allowed the detection of the substrate and 

the reaction product in a single chromatographic step. 
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8. The three ALDH1A forms exhibited lower Km values for 9-cis-retinaldehyde than for all-

trans-retinaldehyde. Regarding the kcat values, they were higher for the all-trans isomer 

(ALDH1A2 and ALDH1A3) or similar for the two isomers (ALDH1A1). ALDH1A3 was 

highly specific for all-trans-retinaldehyde. 

 

9. Human retinaldehyde dehydrogenases were capable of using apo-β-carotenals as 

substrates with good catalytic efficiency. ALDH1A1 and ALDH1A2 exhibited higher 

substrate specificity for 12’-apo-β-carotenal and 14’-apo-β-carotenal, respectively, 

while ALDH1A3 showed a similar specificity for the two compounds. 

 

10. Site-directed mutagenesis was used to explore structure-function relationships in 

ALDH1As. For the ALDH1A1 L114P mutant, there was a significant increase in the Km 

values for most substrates, including all-trans-retinaldehyde, being more similar to 

those of wild-type ALDH1A2. The ALDH1A2 mutant displayed a 50-fold decrease in the 

Km value for citral, in part mimicking ALDH1A1. 

 

11. Several compounds were tested as inhibitors with potential pharmacological interest. 

The most potent inhibitors from the 1-oxopyrimido[4,5-c]quinoline-2-acetic acid series 

are compounds 64, 65 and 66. Compounds 64 and 65 are excellent inhibitors for both 

ALDH1A2 and ALDH1A3, but not for ALDH1A1. In contrast, only 66 is a good inhibitor 

for the three ALDH1A enzymes. 

 

12. For the thiazolidinedione-acetic acid derivatives, compound 5a is a much better 

inhibitor against ALDH1A1 and ALDH1A3 than against ALDH1A2. Compound 5c is the 

most selective inhibitor, showing only inhibition against ALDH1A3. 

 

13. Compound JF0064 shows inhibition against the three ALDH1A enzymes, with IC50 

values in the micromolar range. 

 

14. The presence of a bulky benzene group in R3 of 1-oxopyrimido[4,5-c]quinoline-2-acetic 

acid series is important for binding, while the presence of fluorine atoms may play a 

role in the inhibition mechanism. 
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Annex 1.1. Calibration plots for (A) all-trans-retinaldehyde and (B) all-trans-retinoic acid. Duplicated standards 
with at least nine different concentrations (including blank) were prepared. Experimental values were fit by linear 
least square regression analysis. In all cases, the linearity obtained in the calibration plots showed an R

2
 >99%, thus 

the slope of the calibration plots was used as the calibration factor to convert the peak area to pmol of compound. 
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Annex 1.2. Calibration plots for (A) 12’-apo-β-carotenal, (B) 12’-apo-β-carotenoic acid, (C) 14’-apo-β-carotenal 
and (D) 14’-apo-β-carotenoic acid. Duplicated standards with at least twelve different concentrations (including 
blank) were prepared. Experimental values were fit by linear least square regression analysis. In all cases, the 
linearity obtained in the calibration plots showed an R

2
 >99%, thus the slope of the calibration plots was used as the 

calibration factor to convert the peak area to pmol of compound. 
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Annex 1.3. Gene-Ruler™ 1kb DNA Ladder (Thermo Scientific). The DNA marker is recommended for sizing and 
approximate quantification of a double-stranded DNA in the range of 500 bp to 10,000 bp on agarose gels. The DNA 
ladder consists of 10 DNA fragments and can be visualized after ethidium bromide or SYBR Safe staining. A uniform 
intensity of bands and bright reference bands allow easy sizing and orientation. A defined amount of DNA in each 
band enables approximate quantification of sample DNA. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Annex 1.4. Bench-Mark

TM
 Protein Ladder (Invitrogen).  The Bench-Mark

TM
 Protein Ladder is suitable for use as 

molecular weight standards for SDS-polyacrylamide gel electrophoresis. The ladder consists of 15 engineered 
proteins ranging in molecular weight from 10 to 220 kDa. The 20 and 50 kDa proteins are more prominent for easy 
orientation and to ensure proper identification of each protein. 
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a b s t r a c t

A new synthesis of three apocarotenoids, namely 140-apo-b-carotenal, 120-apo-b-carotenal and 100-apo-
b-carotenal, has been achieved that is based on the acyclic cross-metathesis of the hexaene derived from
retinal and the corresponding partners. These compounds can be enzymatically converted to their car-
boxylic acids by the human aldehyde dehydrogenases involved in retinaldehyde oxidation. Their kinetic
parameters suggest that these enzymes might play a role in the physiological metabolism of
apocarotenoids.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Carotenoids are a family of natural compounds synthesized by
plants, microorganisms and some animals but not by humans.1

Carotenoids are partly responsible for the colour in nature and
play a key role both in the photosynthesis process and the photo-
protection of the producing organisms. They can be broadly divided
into two classes of chemical compounds: carotenes (e.g., b,b-caro-
tene and lycopene) and their oxygenated derivatives termed xan-
thophylls (e.g., lutein, zeaxanthin and cryptoxanthin). Both
carotenes and xanthophylls exhibit relevant physiological func-
tions, serving as antioxidants in lipophilic environments,2 a prop-
erty that might contribute to the prevention of certain human
diseases such as cardiovascular, ocular diseases and cancer.3,4

Within carotenoids, the term apocarotenoids is used to desig-
nate those with a backbone of less than 40 carbon atoms.5 Apoc-
arotenoids are formed by the oxidative degradation of one or both
termini of carotenoids, a process that is catalyzed by carotenoid
s), qolera@uvigo.es (A.R. de
cleavage enzymes. The oxidation products derived from dietary b,b-
carotene 1 (Fig. 1) can be C20 all-trans-retinal 2 resulting from the
central C15eC150 cleavage catalyzed by BCO16,7 or non-
symmetrical b-apocarotenoids obtained by eccentric cleavage
catalyzed by BCO2.8,9 Carotenoid metabolism appears to be cell
compartmentalized,10 as BCO1 is a cytosolic enzyme,11 while BCO2
has been associated with mitochondria.9 BCO2-mediated cleavage
is the preferred pathway for xanthophylls.9

The metabolism of b,b-carotene 1 to all-trans-retinal 2 (Fig. 1)
promoted by BCO1 is the first step in the production of the natural
retinoids (including, but not restricted to, vitamin A, 11-cis-retinal
and all-trans-retinoic acid 3) required for eliciting the various
functions of these compounds in the human body. Thus, enzymes
responsible for isomerization and changes in the oxidation state
provide the cognate ligands for receptors implicated in vision, cell
proliferation, cell differentiation, immunity and development.4 In
particular, the oxidation of all-trans-retinal 2 promoted by aldehyde
dehydrogenases (ALDHs)12 generate all-trans-retinoic acid 3, the
natural hormone that binds to and activates the retinoic acid re-
ceptors (RARs),13 members of the nuclear receptor superfamily of
ligand-inducible transcription factors.14

Apocarotenoids (such as 4e11, Fig. 1) have been detected in food
and in the blood of animals,15 and the concentration of some of
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Fig. 1. b-apocarotenals 2,4e7 potentially formed by (enzyme-mediated) oxidative cleavage of b,b-carotene 1, and the corresponding carboxylic acids 3, 8e11. The shorter fragments
of putative BCO2 cleavage are not shown.
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them are similar to that of all-trans-retinoic acid 3. Their biological
functions, however, remain unclear.16,17 Recently, it has been pro-
posed that the activity of BCO2-derived metabolites can protect
against the damage induced by b,b-carotene 1. This compound is
deemed partially responsible for oxidative stress in the mitochon-
dria, a process that can trigger signaling pathways related to cell
survival and proliferation.17 Moreover, some apocarotenoids,
namely 100-apo-b-carotenoic acid 10, 120-apo-b-carotenoic acid 9,17

140-apo-b-carotenoic acid 8, 140-apo-b-carotenal 4, and 130-apo-b-
carotenone (not shown), have been described as low-affinity ago-
nists potentially acting as endogenous antagonists of RARs,16,17 and
also were found to regulate other functions, such as the placental
lipoprotein biosynthesis.18

It is believed that b-apocarotenals can be a potential source of b-
apocarotenoic acids, which can be considered as vinylogues of all-
trans-retinoic acid 3, through the oxidation of the functional group.
However the enzymes involved in these transformations have not
been described. Logical candidates are aldehyde dehydrogenases
(ALDHs),12 enzymes that transform aldehydes into carboxylic acids.
Within the ALDH superfamily, ALDH1A1, ALDH1A2 and ALDH1A3
are closely related enzymatic forms that catalyze the oxidation of
retinaldehydes.19 In order to shed some light on the metabolism
and biological functions of b-apocarotenoids, here we present an
efficient synthetic strategy for the preparation of these molecules
and their biological characterization as substrates for human
ALDHs.

Carotenoids have been traditionally synthesized following two
different strategies.4,20 The first comprises carbonyl condensation
reactions with heteroatom-stabilized carbanions, such as Wittig,
HornereWadswortheEmmons and Julia reactions, which form
Csp2¼ Csp2 bonds.21 The second is based on the formation of
Csp2eCsp2 bonds by palladium-catalyzed cross-coupling reactions22

(primarily Negishi, Stille, and Suzuki reactions).23 In both cases,
appropriate functionalization of the intermediates for the key re-
action is required. Recently, the olefin metathesis reaction24e26 has
been established as one of the most general and widely applicable
synthetic methods for Csp2¼ Csp2 bond formation. Despite the
numerous applications of olefin metathesis reactions in the syn-
thesis of natural products,24 its use in the preparation of conjugated
polyene chains has been somehow limited because of concerns
about the control of site-selectivity, stereoselectivity, and the sta-
bility of polyenes to the reaction conditions. The first application on
the synthesis of retinoids27 and apocarotenoids starting from ca-
rotenoids was described byWojtkielewicz and coworkers, although
the products were obtained in very low yields.28,29 We30,31 and
others32 have also contributed to this field with the synthesis of
symmetrical and non-symmetrical carotenoids by dimerization
and cross-metathesis processes.33

We considered that b-apocarotenoids could also be prepared by
cross metathesis of appropriate precursors.33 We envisioned the
synthesis of b-apocarotenoids with different lengths of the polyene
chain by acyclic cross-metathesis33 starting from a common pre-
cursor, the already known hexaene 1230 and the complementary
component functionalized as ester.30 More specifically, we under-
took the synthesis of the three b-apocarotenoids (100-apo-b-car-
otenal 4, 120-apo-b-carotenal 5 and 140-apo-b-carotenal 6; 80-apo-
b-carotenal 7 is a commercial compound) that could potentially by
formed by eccentric cleavage of b,b-carotene 1 at the C9’¼ C100,
C11’¼ C120 and C13’¼ C140 double bonds.4 Only the products of
cleavage at the C9’¼ C100 bond have been characterized in mice.7

However, since b-apocarotenoids can potentially be formed from
b,b-carotene 1 by non-enzymatic autoxidation processes, their
availability by synthesis can provide useful tools for biochemical
research. A general method for oxidation of b,b-carotene 1 with a
mixture of KMnO4 and H2O2, that provided a mixture of three apo-
carotenoids (8’-, 100- and 120-apo), was reported half a century
ago.34

2. Results and discussion

2.1. Synthesis of 140-apo-b-carotenal 4

The synthesis of 140-apo-b-carotenal 4 started with the cross
metathesis33 of previously described hexaene 1230 and commercial
butyl (E)-but-2-enoate 13. Four different ruthenium catalysts were
tested with toluene as solvent based on the results described by
Wojtkielewicz and coworkers29 and special attention was paid to
the reaction time in order to avoid degradation of the formed
polyenes (Scheme 1). The use of Neolyst® as catalyst35 was
discouraging as the starting material was fully recovered after 48 h
(entry 1, Table 1). The use of Nitro-Grela catalyst36 allowed to
obtain, after 7.5 h, the desired product in 29% yield together with
15% of b,b-carotene 1, resulting from the competing dimerization of
1230 (entry 2, Table 1).



Scheme 1. Reagents and conditions. a) Table 1 b) Dibal-H, THF, �78 �C, 5 h, 71%. c)
MnO2, Na2CO3, CH2Cl2, 25 �C, 5 h, 88%. d) KOH, MeOH, 70 �C, 1 h, 62%.

Table 1
Olefin cross-metathesis of hexaene 12 and enoate 13.

Reagents and conditions Yield (%)

1 14 15

1 13 (6 equiv.), Neolyst® (0.15 equiv.),
toluene, 25 �C, 48 h

0 0 0

2 13 (6 equiv.), Nitro-Grela (0.15 equiv.),
toluene, 25 �C, 7.5 h

15 0 29

3 13 (6 equiv.), 2nd gen. Grubbs, toluene,
25 �C, 4.5 h

15 0 39

4 13 (6 equiv.), 2nd gen. Hoveyda-Grubbs
(0.15 equiv.), toluene, 25 �C, 4.5 h

16 1 62

5 13 (6 equiv.), 2nd gen. Hoveyda-Grubbs
(0.15 equiv.), toluene, 25 �C, 24 h

0 36 0
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The 2nd generation Grubbs catalyst26,37 proved more effective
in the metathesis reaction (39% yield for 15), although b,b-carotene
1was also obtained as secondary product (entry 3, Table 1). Finally,
the use of 2nd generation Hoveyda-Grubbs (HG) catalyst38 afforded
the best results, with a 62% yield of desired 15 and 16% of homo-
dimer 1 obtained after 4.5 h (entry 4, Table 1). The increase of the
reaction time turned out to be detrimental since it favored the cross
metathesis corresponding formally to the C11¼ C12 bond, with full
consumption of the initially formed apo-b-carotenoid 15 (entry 5,
Table 1). Compound 15 was readily transformed into the desired
140-apo-b-carotenal 4 by Dibal-H reduction followed by oxidation
of 16 with MnO2 under basic conditions (Scheme 1). In addition,
saponification of ester 15 with KOH/MeOH at 70 �C afforded 140-
apo-b-carotenoic acid 8 in 62% yield.
2.2. Synthesis of 120-apo-b-carotenal 5

The previously optimized reaction conditions were next applied
to the synthesis of 120-apo-b-carotenal 5. The reaction of an excess
of 17with hexaene 12 afforded methyl 120-apo-b-carotenoate 18 in
Scheme 2. Reagents and conditions. a) 2nd generation HG, toluene, 25 �C, 7 h (10% b,b-
carotene 1, 11% starting 12, 40% methyl 120-apo-b-carotenoate 18). b) Dibal-H,
THF, �78 �C, 4 h, 75%. c) MnO2, Na2CO3, CH2Cl2, 25 �C, 4 h, 38%. d) KOH, MeOH,
70 �C, 1 h, 53%.
40% yield along with the product of homodimerization 1 (10%).
Some reactant hexaene 12 was also recovered (11%). The geometry
of the newly formed double bond was confirmed by NOE experi-
ments. Dibal-H reduction of ester 18 and subsequent oxidationwith
MnO2 under basic conditions furnished 120-apo-b-carotenal 5
(Scheme 2). Ester hydrolysis as described led to 120-apo-b-car-
otenoic acid 9 in 53% yield.

2.3. Synthesis of 100-apo-b-carotenal 6

The anticipated component for the synthesis of 100-apo-b-car-
otenal 6, namely methyl (2E,4E)-octan-2,4,6-enoate 24, was pre-
pared by a six step sequence starting from methyl (2E,4E)-3-
methyl-6-oxohexa-2,4-dienoate 20. Protection of the aldehyde of
20 as dioxolane, followed by the consecutive ester reduction with
Dibal-H and MnO2 oxidation, led to aldehyde 21 in good yields.
Wittig olefination with commercially available ethyl triphenyl-
phosphonium iodide 22 provided triene 23 in 80% yield as an
inconsequential 1:1 mixture of double bond isomers. Subsequent
deprotection of the acetal followed by oxidation of the trienal with
MnO2 and KCN in MeOH provided ester 24 as a mixture of isomers
(Scheme 3). An excess of trienyl ester 24was reacted with hexaene
12 under the conditions already described, which produced the
desired methyl 100-apo-b-carotenoate 25 in 24% yield along with
58% yield of b,b-carotene 1. A two-step sequence of Dibal-H
reduction and MnO2 oxidation of ester 25 afforded 100-apo-b-car-
otenal 6 in a combined 59% yield.

2.4. ALDH enzymatic assay

The activity of ALDH1A enzymes with apo-b-carotenals 4 and 5
(the study with 6was not completed due to the low overall yield of
the synthetic sequence) was monitored using an improved HPLC-
based method for the simultaneous detection of substrates and
reaction products. In all cases, concomitant consumption of apo-b-
carotenals 4 and 5, and production of the corresponding apo-b-
carotenoic acids 8 and 9, respectively, were observed (see Fig. 2 and
Supporting Information). Thus, ALDH1A enzymes turned out to be
active with 140- and 120-apo-b-carotenals (4 and 5).

Table 2 compares the kinetic constants of the ALDH1A enzymes
with 120- and 140-apo-b-carotenals (5 and 4), showing some dif-
ferential substrate specificity. In general, Km values were in the
micromolar range, except for ALDH1A1 and ALDH1A3, which were
not saturated with 120-apo-b-carotenal 5 and 140-apo-b-carotenal
4, respectively (Fig. 3). While ALDH1A1 showed higher specificity
for 140-apo-b-carotenal 4, ALDH1A2 exhibited higher catalytic ef-
ficiency for 120-apo-b-carotenal 5. This catalytic efficiency is about
ten-fold higher than those of ALDH1A1 and ALDH1A3, and similar
to that observed for these enzymes with all-trans-retinaldehyde 2.
Scheme 3. Reagents and conditions: a) ethylene glycol, pTsOH, benzene, 96 �C, 16 h,
99%. b) Dibal-H, THF -78 �C, 2 h, 99%. c) MnO2, Na2CO3, THF, 25 �C, 5 h, 75%. d) ethyl
triphenylphosphonium iodide 22, NaHMDS, THF, �78 �C, 2.5 h, 80%. e) pTsOH, acetone,
25 �C, 17 h, 98%. f) MnO2, KCN, MeOH, 25 �C, 3.5 h, 79%. g) 2nd generation HG, 12,
toluene, 5 h (58% b,b-carotene 1, 49% starting trienoate 24, 24% methyl 100-apo-b-
carotenoate 25). h) Dibal-H, THF, �78 �C. i) MnO2, Na2CO3, CH2Cl2, 59% (2 steps).



Fig. 2. HPLC elution profiles of 12′-apo-b-carotenal 5 (A) and 12′-apo-b-carotenoic
acid 9 (B). Stock solutions of apocarotenoids were prepared in ethanol and 10 mM of
either compound was injected. Each compound was separated by liquid chromatog-
raphy on a NovaPak® silica gel column (4 mm, 3.9� 150mm) in hexane/tert-butyl
methyl ether (96:4, v/v) mobile phase, at a flow rate of 2mL/min using a Waters
Alliance 2695 HPLC. Elution of 120-apo-b-carotenal 5 and 120-apo-b-carotenoic acid 9
was monitored with a Waters 2996 photodiode array detector at 415 and 400 nm,
respectively. The retention times for 120-apo-b-carotenal 5 and 120-apo-b-carotenoic
acid 9 were 2.85 and 10.60min, respectively. Insets: UVevis absorption spectra of the
two compounds.

Fig. 3. Representative Michaelis-Menten kinetics of ALDH1A2 with 12′-apo-b-car-
otenal 5. The reaction was carried out in 50mM HEPES, 0.5mM EDTA, 0.5mM DTT, pH
8.0, at 37 �C. The initial rates were measured with at least six different substrate
concentrations. Experimental values were adjusted to the Michaelis-Menten equation
using the non-linear regression program GraFit 5.0 (Eritacus software).
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The kcat values are in the same range in all the experiments per-
formed, but lower than those for all-trans-retinaldehyde 2 (data not
shown; to be reported elsewhere).

To date, the enzymatic activity of ALDH with these compounds
had only been reported in microorganisms.39 This is the first report
on the apocarotenal dehydrogenase activity of human ALDH1A
enzymes.
3. Conclusion

We have developed a new stereoselective synthesis of three
apocarotenoids (140-apo-b-carotenal 4, 120-apo-b-carotenal 5 and
100-apo-b-carotenal 6) and demonstrated that the olefinmetathesis
protocol is a valid synthetic method for accessing these conjugated
polyenes. Whereas the acyclic cross-metathesis of the common
required hexaene was efficiently performed with the shorter
enoate and dienoate partners, the chemoselectivity with the longer
trienoates is poor due to the presence of several trans-disubstituted
olefins that can compete. Previous syntheses of these apo-b-
Table 2
Kinetic constants of human ALDH1A enzymes with apo-b-carotenals.

Substrate ALDH1A1 ALDH1A2

Km (mM) kcat (min�1) kcat/Km (mM�1min�1) Km (mM) kcat

120-apo-b-carotenal 5 NS e 44 1.8± 0.2 8.5
140-apo-b-carotenal 4 12± 2 3.1± 0.2 257± 47 5.0± 0.5 4.7

aEnzymatic activity was measured in 50mM HEPES, pH 8.0, 0.5mM NADþ, including 0.5
DTT for ALDH1A3, at 37 �C. Apocarotenoic acid production was quantified by using an HP
tested in the assay), where the kcat/Km value was calculated from the slope of V/[E] vs [S
carotenoids have in general featured carbonyl condensation re-
actions, such as Wittig and aldol condensations (4,40 540,41 and 2-
417) or enol ether reactions with acetals followed by elimination
and hydrolysis in the case of 4.42

We have shown that human retinaldehyde dehydrogenases are
capable of using apo-b-carotenals as substrates with good catalytic
efficiency. ALDH1A1 and ALDH1A2 exhibit higher substrate speci-
ficity for 4 and 5, respectively, while ALDH1A3 shows similar
specificity for the two compounds. Overall, the substrate specificity
of ALDH1 enzymes with apo-b-carotenals is comparable to that
with all-trans-retinaldehyde 2, indicating that these enzymes
might play a physiological role in the metabolism of
apocarotenoids.

4. Experimental section

General experimental procedures. See E.S.I.

4.1. Butyl (2E,4E,6E,8E,10E)-5,9-dimethyl-11-(2,6,6-
trimethylcyclohex-1-en-1-yl)undeca-2,4,6,8,10-pentaenoate (butyl
140-b-apocarotenoate) (15)

General procedure for the olefin metathesis reaction. To a
solution of (1E,3E,5E,7E)-2-(3,7-dimethyldeca-1,3,5,7,9-pentaenyl)-
1,3,3-trimethylcyclohex-1-ene 12 (14mg, 0.049mmol) and butyl
(E)-but-2-enoate 13 (46.4 mL, 0.294mmol) in toluene (0.25mL), 2nd
generation Hoveyda-Grubbs catalyst (0.46mg, 0.0073mmol) was
added and the reaction mixture was thoroughly degassed. After
stirring at 25 �C for 4.5 h, the mixture was filtered through a Cel-
ite™ pad, which was washed with Et2O and the solvent was
evaporated. The residue was purified by column chromatography
(silica gel, 99:1 hexane/EtOAc) to afford, in order of elution, 2.2mg
(16%) of a red solid identified as b,b-carotene 1, 11.8mg (62%) of a
ALDH1A3

(min�1) kcat/Km (mM�1 min�1) Km (mM) kcat (min�1) kcat/Km (mM�1min�1)

± 0.2 4800± 600 3.0± 0.4 1.3± 0.1 450± 62
± 0.2 930± 93 NS e 303

mM EDTA and 0.5mM DTT for ALDH1A1 and ALDH1A2, or 30mM MgCl2 and 5mM
LC-based method. NS, no saturation (60 mMwas the highest substrate concentration
] plot.
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red oil identified as butyl (2E,4E,6E,8E,10E)-5,9-dimethyl-11-(2,6,6-
trimethylcyclohex-1-en-1-yl)undeca-2,4,6,8,10-pentaenoate 15
and 0.2mg (1%) of a yellow oil identified as butyl (2E,4E,6E)-5-
methyl-7-(2,6,6-trimethylcyclohex-1-en-1-yl) hepta-2,4,6-
trienoate 14.

Data for b,b-carotene (1): 1H NMR (400MHz, C6D6): d 6.79 (dd,
J¼ 14.8, 11.4 Hz, 2H, 2H11), 6.70e6.67 (m, 2H, H15), 6,49 (d,
J¼ 14.8 Hz, 2H, H12), 6.42e6.31 (m, 8H, 2H7 þ 2H8þ 2H10 þ 2H14),
1.99 (t, J¼ 5.6 Hz, 4H, 2 � CH2), 1.94 (s, 6H, 2 � CH3), 1.88 (s, 6H, 2 �
CH3), 1.82 (s, 6H, 2� CH3),1.64e1.56 (m, 4H, 2� CH2),1.52e1.49 (m,
4H, 2 � CH2), 1.16 (s, 12H, 4 � CH3) ppm. HRMS (ESIþ): Calcd. for
C40H56 ([MþH]þ), 536.4376; found, 536.4376. UV (MeOH): lmax
449, 241 nm.

Data for butyl (2E,4E,6E,8E,10E)-5,9-dimethyl-11-(2,6,6-
trimethylcyclohex-1-en-1-yl)undeca-2,4,6,8,10-pentaenoate (15):
1H NMR (400MHz, CO(CD3)2): d 7.71 (dd, J¼ 15.0, 12.0 Hz, 1H, H15),
7.02 (dd, J¼ 15.0, 11.4 Hz, 1H, H11), 6.48 (d, J¼ 15.0 Hz, 1H, H12), 6.34
(d, J¼ 11.8 Hz, 1H, H14), 6.42e6.18 (m, 3H, H7 þ H8 þ H10), 5.97 (d,
J¼ 15.0 Hz, 1H, H150), 4.16 (t, J¼ 6.6 Hz, 2H, OeCH2e), 2.13 (s, 3H,
CH3), 2.10e2.06 (m, 2H, CH2), 2.06 (s, 3H, CH3), 1.75 (s, 3H, CH3),
1.72e1.61 (m, 4H, 2 � CH2), 1.54e1.48 (m, 2H, CH2), 1.47e1.39 (m,
2H, CH2), 1.07 (s, 6H, 2 � CH3), 0.97 (t, J¼ 7.4 Hz, 3H, CH2CH3) ppm.
13C NMR (100MHz, (CD3)2CO): 167.4 (s), 145.2 (s), 140.8 (d), 138.8
(s), 138.7 (s), 138.6 (d), 137.0 (d), 131.4 (d), 130.1 (s), 129.5 (d), 129.4
(d), 128.4 (d), 121.4 (d), 64.4 (t), 40.4 (t), 34.9 (s), 33.6 (t), 31.6 (t),
29.3 (q, 2�), 21.9 (q), 19.9 (t), 19.8 (t), 14.0 (q), 13.1 (q), 12.9 (q) ppm.
HRMS (ESIþ): Calcd. for C26H39O2 ([MþH]þ), 383.2945; found,
383.2946. IR (NaCl): n 2957 (m, CeH), 2928 (m, CeH), 2866 (w,
CeH), 1708 (s, C]O), 1615 (m), 1563 (m), 1135 (s), 970 (m) cm�1. UV
(MeOH): lmax 394 nm.

Data for butyl (2E,4E,6E)-5-methyl-7-(2,6,6-trimethylcyclohex-
1-en-1-yl)hepta-2,4,6-trienoate (14): 1H NMR (400MHz, CDCl3):
d 7.71 (dd, J¼ 15.0,11.8 Hz,1H, H3), 6.38 (d, J¼ 16.1 Hz,1H, H6 or H7),
6.18e6.10 (m, 2H, H6 or H7þH4), 5.87 (d, J¼ 15.5 Hz,1H, H2), 4.16 (t,
J¼ 6.7 Hz, 2H, OeCH2), 2.04 (s, 3H, CH3), 2.05e1.95 (m, 2H, CH2),
1.71 (s, 3H, CH3), 1.68e1.58 (m, 4H, 2 � CH2), 1.50e1.37 (m, 4H, 2 �
CH2), 1.03 (s, 6H, 2 � CH3), 0.95 (t, J¼ 7.4 Hz, 3H, CH2CH3) ppm. 13C
NMR (100MHz, CDCl3): d 167.8 (s), 144.4 (s), 140.7 (d), 137.6 (s),
136.9 (d), 130.9 (s), 130.8 (d), 127.4 (d), 120.2 (d), 64.3 (t), 39.7 (t),
34.4 (s), 33.3 (t), 30.9 (t), 29.1 (q, 2�), 21.9 (q), 19.4 (t), 19.3 (t), 13.9
(q), 13.2 (q) ppm. HRMS (ESIþ): Calcd. for C21H33O2 ([MþH]þ),
317.2475; found, 317.2472. IR (NaCl): n 2958 (m, CeH), 2929 (m,
CeH),1711 (s, C]O),1598 (m),1144 (m), 977 (m) cm�1. UV (MeOH):
lmax 329 nm.

4.2. (2E,4E,6E,8E,10E)-5,9-dimethyl-11-(2,6,6-trimethylcyclohex-1-
en-1-yl) undeca-2,4,6,8,10-pentaenal (140-apo-b-carotenal) (4)

General procedure for Dibal-H reduction of esters. To a cooled
(�78 �C) solution of (2E,4E,6E,8E,10E)-5,9-dimethyl-11-(2,6,6-
trimethylcyclohex-1-en-1-yl)undeca-2,4,6,8,10-pentaenoate 15
(13.2mg, 34.5mmol) in THF (0.175mL) was added Dibal-H
(0.103mL, 1M in hexanes, 0.103mmol). After stirring for
5 h at �78 �C, H2O was added and the mixture was extracted with
EtOAc (3�). The combined organic layers were washed with brine
(3�), dried (Na2SO4) and the solvent was evaporated. The residue
was purified by column chromatography (silica gel, 93:4:3 hexane/
EtOAc/Et3N) to afford 7.7mg (71%) of a yellow oil identified as
(2E,4E,6E,8E,10E)-5,9-dimethyl-11-(2,6,6-trimethylcyclohex-1-en-
1-yl)undeca-2,4,6,8,10-pentaene-1-ol 16, which was used without
further purification.

General procedure forMnO2 oxidation of alcohols. To a cooled
(0 �C) solution of (2E,4E,6E,8E,10E)-5,9-dimethyl-11-(2,6,6-
trimethylcyclohex-1-en-1-yl)undeca-2,4,6,8,10-pentaene-1-ol 16
(28.5mg, 0.0912mmol) in CH2Cl2 (1.7mL) MnO2 (0.143 g,
1.64mmol) and Na2CO3 (0.174 g, 1.64mmol) were added. After
stirring for 5 h at 25 �C, the reaction mixture was filtered through a
Celite™ pad and the solvent was removed. The residuewas purified
by column chromatography (silica gel, 95:2:3 hexane/EtOAc/Et3N)
to afford 24.8mg (88%) of a yellow oil identified as
(2E,4E,6E,8E,10E)-5,9-dimethyl-11-(2,6,6-trimethylcyclohex-1-en-
1-yl)undeca-2,4,6,8,10-pentaenal 4. 1H NMR (400MHz, (CD3)2CO):
d 9.65 (d, J¼ 8.0 Hz, 1H, H140), 7.76 (dd, J¼ 14.9, 12.0 Hz, 1H, H15),
7.07 (dd, J¼ 15.0, 11.5 Hz, 1H, H11), 6.50 (d, J¼ 15.0 Hz, 1H, H12), 6.48
(d, J¼ 11.8 Hz, 1H, H14), 6.38e6.18 (m, 3H, H7 þ H8 þ H10), 6.16 (dd,
J¼ 14.9, 8.0 Hz, 1H, H150), 2.17 (s, 3H, CH3), 2.08e2.04 (m, 2H, CH2),
2.05 (s, 3H, CH3), 1.73 (s, 3H, CH3), 1.68e1.60 (m, 2H, CH2), 1.52e1.47
(m, 2H, CH2), 1.05 (s, 6H, 2 � CH3) ppm. 13C NMR (100MHz,
(CD3)2CO): d 193.7 (d), 148.4 (d), 147.2 (s), 139.5 (s), 138.5 (s), 138.4
(d), 136.8 (d), 131.9 (d), 131.4 (d), 130.5 (d), 130.2 (s), 129.7 (d), 128.8
(d), 40.3 (t), 34.8 (s), 33.6 (t), 29.3 (q, 2�), 22.0 (q), 19.9 (t), 13.2 (q),
12.9 (q) ppm. HRMS (ESIþ): Calcd. for C22H30O ([MþH]þ), 311.2369;
found, 311.2376. IR (NaCl): n 2926 (m, CeH), 2863 (w, CeH), 1670 (s,
C]O), 1559 (m), 1124 (m), 967 (m) cm�1. UV (MeOH): lmax 402 nm
(ε¼ 45 950mol-1 L cm-1).

4.3. (2E,4E,6E,8E,10E)-5,9-dimethyl-11-(2,6,6-trimethylcyclohex-1-
en-1-yl)undeca-2,4,6,8,10-pentaenoic acid (140-b-apocarotenoic
acid) (8)

General procedure for hydrolysis of esters with KOH. To a
solution of (2E,4E,6E,8E,10E)-5,9-dimethyl-11-(2,6,6-
trimethylcyclohex-1-en-1-yl)undeca-2,4,6,8,10-pentaenoate 15
(19.6mg, 51.2mmol) in MeOH (3.53mL) was added KOH (0.82mL,
2M in H2O, 1.64mmol). After stirring at 70 �C for 1 h, the reaction
mixture was cooled down to 25 �C, CH2Cl2 and brine were added
and the layers were separated. The organic layer was washed with
H2O (3�). The combined aqueous layers were acidified until acidic
pH and extracted with CH2Cl2 (3�). The combined organic layers
were dried (Na2SO4) and the solvent was evaporated. The residue
was purified by column chromatography (silica gel, 70:30 hexane/
EtOAc) to afford 10.4mg (62%) of an orange solid identified as
(2E,4E,6E,8E,10E)-5,9-dimethyl-11-(2,6,6-trimethylcyclohex-1-en-
1-yl)undeca-2,4,6,8,10-pentaenoic acid 8. 1H NMR (400MHz,
(CD3)2CO): d 7.68 (dd, J¼ 14.9, 12.0 Hz, 1H, H15), 6.98 (dd, J¼ 15.0,
11.5 Hz, 1H, H11), 6.45 (d, J¼ 15.0 Hz, 1H, H12), 6.35 (d, J¼ 12.1 Hz,
1H, H14), 6.38e6.16 (m, 3H, H7 þ H8 þ H10), 5.92 (d, J¼ 15.0 Hz, 1H,
H150), 2.09 (s, 3H, CH3), 2.07e1.97 (m, 2H, CH2), 2.02 (s, 3H, CH3),
1.71 (s, 3H, CH3), 1.68e1.57 (m, 2H, CH2), 1.51e1.46 (m, 2H, CH2),
1.04 (s, 6H, 2 � CH3) ppm. 13C NMR (100MHz, (CD3)2CO): 168.0 (s),
145.0 (s), 141.2 (d), 138.8 (s), 138.6 (s), 138.5 (d), 137.1 (d), 131.4 (d),
130.1 (s), 129.4 (d), 129.3 (d), 128.4 (d), 121.6 (d), 40.4 (t), 34.9 (s),
33.6 (t), 29.3 (q, 2�), 21.9 (q), 19.9 (t), 13.1 (q), 12.9 (q) ppm. HRMS
(ESIþ): Calcd. for C22H31O2 ([MþH]þ), 327.2319; found, 327.2316. IR
(NaCl): n 2924 (m, CeH), 2856 (w, CeH), 1680 (s, C]O), 1560 (m),
1162 (s), 969 (m) cm�1. UV (MeOH): lmax 375 (ε¼ 46100mol-
1 L cm-1).

4.4. Methyl (2E,4E,6E,8E,10E,12E)-2,7,11-trimethyl-13-(2,6,6-
trimethylcyclohex-1-en-1-yl)trideca-2,4,6,8,10,12-hexaenoate
(methyl 120-apo-b-carotenoate) (18)

Following the general procedure for the olefin metathesis, the
reaction of (1,3,3-trimethyl-2-((1E,3E,5E,7E)-3,7-dimethyldeca-
1,3,5,7,9-pentaenyl)cyclohex-1-ene 12 (21mg, 0.074mmol) with
methyl (E)-2-methylpenta-2,4-dienoate 17 (37.5mg, 0.298mmol)
and 2nd generation Hoveyda-Grubbs catalyst (7mg, 0.011mmol) in
toluene (0.8mL) at 25 �C for 7 h, afforded, after purification by
column chromatography (silica gel, gradient from 100:0 to 99:1
hexane/EtOAc), in order of elution, 2.4mg (11%) of a yellow oil
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identified as 1,3,3-trimethyl-2-((1E,3E,5E,7E)-3,7-dimethyldeca-
1,3,5,7,9-pentaenyl)cyclohex-1-ene 12, 1.9mg (10%) of a red solid
identified as b-b-carotene 1 and 10.3mg (40%) of a red solid iden-
tified as methyl (2E,4E,6E,8E,10E,12E)-2,7,11-trimethyl-13-(2,6,6-
trimethylcyclohex-1-en-1-yl)trideca-2,4,6,8,10,12-hexaenoate 18.
1H NMR (400MHz, (CD3)2CO): d 7.34 (d, J¼ 11.8 Hz, 1H, H140), 7.10
(dd, J¼ 14.3, 12.0 Hz, 1H, H15), 6.89 (dd, J¼ 14.9, 11.5 Hz, 1H, H11),
6.69 (dd, J¼ 14.2, 12.1 Hz, 1H, H150), 6.46 (d, J¼ 15.0 Hz, 1H, H12),
6.39 (d, J¼ 11.8 Hz, 1H, H14), 6.34e6.16 (m, 3H, H7 þ H8 þ H10), 3.74
(s, 3H, OCH3), 2.09 (s, 3H, CH3), 2.10e2.02 (m, 2H, CH2), 2.03 (s, 3H,
CH3), 1.99 (s, 3H, CH3), 1.75 (s, 3H, CH3), 1.70e1.62 (m, 2H, CH2),
1.54e1.48 (m, 2H, CH2), 1.07 (s, 6H, 2 � CH3) ppm. 13C NMR
(100MHz, (CD3)2CO): d 168.8 (s), 140.8 (s), 139.4 (d), 138.8 (d), 138.7
(s), 137.8 (d), 137.6 (s), 137.0 (d), 132.3 (d), 131.8 (d), 129.9 (s), 128.9
(d), 127.8 (d), 127.7 (d), 126.9 (s), 51.9 (q), 40.4 (t), 34.9 (s), 33.6 (t),
29.3 (q, 2�), 22.0 (q), 19.9 (t), 13.0 (q), 12.9 (q), 12.8 (q) ppm. HRMS
(ESIþ): Calcd. for C26H37O2 ([MþH]þ), 381.2788; found, 381.2786. IR
(NaCl): n 2926 (m, CeH), 2862 (w, CeH), 1703 (m, C]O), 1235
(m) cm�1. UV (MeOH): lmax 410 nm.

4.5. (2E,4E,6E,8E,10E,12E)-2,7,11-trimethyl-13-(2,6,6-
trimethylcyclohex-1-en-1-yl)trideca-2,4,6,8,10,12-hexaenal (120-
apo-b-carotenal) (5)

Following the general procedure for Dibal-H reduction of esters,
the reaction of methyl (2E,4E,6E,8E,10E,12E)-2,7,11-trimethyl-13-
(2,6,6-trimethylcyclohex-1-en-1-yl)trideca-2,4,6,8,10,12-
hexaenoate 18 (15.7mg, 0.041mmol) with Dibal-H (0.124mL,
0.124mmol, 1M in hexanes) in THF (0.209mL) at �78 �C for 4 h,
afforded, after purification by column chromatography (silica gel,
90:7:3 hexane/EtOAc/Et3N) 10.9mg (75%) of a reddish oil identified
as (2E,4E,6E,8E,10E,12E)-2,7,11-trimethyl-13-(2,6,6-
trimethylcyclohex-1-en-1-yl)trideca-2,4,6,8,10,12-hexaene-1-ol
19, which was used without further purification.

Following the general procedure for MnO2 oxidation of alcohols,
the reaction of (2E,4E,6E,8E,10E,12E)-2,7,11-trimethyl-13-(2,6,6-
trimethylcyclohex-1-en-1-yl)trideca-2,4,6,8,10,12-hexaene-1-ol 19
(8.4mg, 0.0024mmol) with MnO2 (37.3mg, 0.429mmol) and
Na2CO3 (45.4mg, 0.429mmol) in CH2Cl2 (0.443mL) at 25 �C for 4 h,
afforded, after purification by column chromatography (silica gel,
95:2:3 hexane/EtOAc/Et3N) 3.2mg (38%) of an orange-reddish oil
identified as (2E,4E,6E,8E,10E,12E)-2,7,11-trimethyl-13-(2,6,6-
trimethylcyclohex-1-en-1-yl)trideca-2,4,6,8,10,12-hexaenal 5. 1H
NMR (400MHz, (CD3)2CO): d 9.46 (s, 1H, H120), 7.24 (dd, J¼ 14.1,
12.1 Hz, 1H, H15), 7.13 (d, J¼ 11.8 Hz, 1H, H140), 6.92 (dd, J¼ 14.9,
11.5 Hz, 1H, H11), 6.84 (dd, J¼ 14.1, 11.9 Hz, 1H, H150), 6.46 (d,
J¼ 15.2 Hz, 1H, H12), 6.42 (d, J¼ 12.2 Hz, 1H, H14), 6.32e6.15 (m, 3H,
H7 þ H8 þ H10), 2.08 (s, 3H, CH3), 2.09e2.01 (m, 2H, CH2), 2.01 (s,
3H, CH3), 1.83 (s, 3H, CH3), 1.72 (s, 3H, CH3), 1.71e1.55 (m, 2H, CH2),
1.56e1.44 (m, 2H, CH2), 1.04 (s, 6H, 2 � CH3) ppm. 13C NMR
(100MHz, (CD3)2CO): d 194.4 (d),149.3 (d),142.3 (s),138.7 (d),138.6
(s), 138.5 (d), 138.2 (s), 137.6 (d), 137.5 (s), 132.1 (d), 131.7 (d), 130.0
(s), 128.6 (d), 128.4 (d), 128.1 (d), 40.3 (t), 34.9 (s), 33.6 (t), 29.3 (q,
2�), 22.0 (q), 19.9 (t), 13.0 (q), 12.8 (q), 9.5 (q) ppm. HRMS (ESIþ):
Calcd. for C25H35O 351.2682; found, 351.2695. IR (NaCl): n 2924 (m,
CeH), 2861 (w, CeH), 1667 (s, C]O), 1544 (m), 1185 (m) cm�1. UV
(MeOH): lmax 424 nm (ε¼ 69 600mol-1 L cm-1).

4.6. (2E,4E,6E,8E,10E,12E)-2,7,11-trimethyl-13-(2,6,6-
trimethylcyclohex-1-en-1-yl)trideca-2,4,6,8,10,12-hexaenoic acid
(120-apo-b-carotenoic acid) (9)

Following the general procedure for hydrolysis of esters, the
reaction of (2E,4E,6E,8E,10E,12E)-2,7,11-trimethyl-13-(2,6,6-
trimethylcyclohex-1-en-1-yl)trideca-2,4,6,8,10,12-hexaenoate 18
(10.1mg, 0.026mmol) with KOH (0.425mL, 2M in H2O, 0.85mmol)
in MeOH (1.83mL) at 70 �C for 1 h, afforded, after purification by
column chromatography (silica gel, 70:30 hexane/EtOAc) 5.1mg
(53%) of a red solid identified as (2E,4E,6E,8E,10E, 12E)-2,7,11-
trimethyl-13-(2,6,6-trimethylcyclohex-1-en-1-yl)trideca-
2,4,6,8,10,12-hexaenoic acid 9. 1H NMR (400MHz, CDCl3): d 7.42 (d,
J¼ 11.8 Hz, 1H, H140), 6.95 (dd, J¼ 14.0, 12.1 Hz, 1H, H15), 6.76 (dd,
J¼ 14.9, 11.5 Hz, 1H, H11), 6.54 (dd, J¼ 13.8, 12.1 Hz, 1H, H150), 6.36
(d, J¼ 15.0 Hz, 1H, H12), 6.27 (d, J¼ 12.4 Hz, 1H, H14), 6.23e6.10 (m,
3H, H7 þH8 þH10), 2.02 (s, 3H, CH3), 1.99 (s, 3H, CH3), 2.10e1.99 (m,
2H, CH2), 1.72 (s, 3H, CH3), 1.66e1.57 (m, 2H, CH2), 1.51e1.47 (m, 2H,
CH2), 1.03 (s, 6H, 2 � CH3) ppm. 13C NMR (100MHz, CDCl3): d 173.1
(s), 141.0 (d), 140.8 (s), 138.0 (s), 137.7 (d), 137.6 (s), 137.1 (d), 136.6
(d), 131.1 (d), 130.6 (d), 129.8 (s), 127.8 (d), 127.7 (d), 127.2 (d), 125.2
(s), 39.8 (t), 34.4 (s), 33.3 (t), 29.2 (q, 2�), 21.9 (q), 19.4 (t), 13.1 (q),
13.0 (q), 12.6 (q) ppm. HRMS (ESIþ): Calcd. for C25H35O2 ([MþH]þ),
367.2632; found, 367.2629. IR (NaCl): n 2924 (m, CeH), 2858 (w,
CeH), 1670 (s, C]O), 1419 (m), 1248 (m), 968 (m) cm�1. UV
(MeOH): lmax 402 (ε¼ 61450mol-1 L cm-1).
4.7. Ethyl (2E,4E)-5-(1,3-dioxolan-2-yl)-3methylpenta-2,4-
dienoate (20a)

To a 500mL round-bottomed flask armed with a Dean-Stark
trap, were added ethyl (2E,4E) 3-methyl-6-oxohexa-2,4-dienoate
20 (2.5 g, 14.8mmol), benzene (256.3mL), p-TsOH (170mg,
0.89mmol) and ethyleneglycol (8.7mL, 156mmol), and the
resulting mixture was heated under reflux for 16 h. The cooled
reaction mixture was diluted with H2O, an aqueous solution of
NaHCO3 was added and the mixture was extracted with Et2O (3�).
The combined organic layers were dried (Na2SO4) and the solvent
was removed to obtain 3.12 g (99%) of a colorless oil identified as
ethyl (2E,4E)-5-(1,3-dioxolan-2-yl)-3-methylpenta-2,4-dienoate
20a. 1H NMR (400MHz, C6D6): d 6.29 (d, J¼ 15.8 Hz, 1H, H4), 5.96
(dd, J¼ 15.8, 5.4 Hz, 1H, H5), 5.82 (s, 1H, H2), 5.23 (d, J¼ 5.4 Hz, 1H,
H6), 3.99 (q, J¼ 7.1 Hz, 2H, OCH2CH3), 3.53e3.45 (m, 2H, CH2),
3.43e3.36 (m, 2H, CH2), 2.23 (s, 3H, CH3), 0.96 (t, J¼ 7.1 Hz, 3H,
OCH2CH3) ppm. 13C NMR (101MHz, C6D6): d 166.3 (s), 150.8 (s),
137.2 (d), 131.8 (d), 121.7 (d), 103.4 (d), 65.0 (t, 2�), 59.8 (t), 14.3 (q),
13.7 (q) ppm. HRMS (ESIþ): Calcd. for C11H17O4 ([MþH]þ), 213.1121;
found, 213.1120. IR (NaCl): n 2979 (m, CeH), 2887 (m, CeH), 1713 (s,
C]O), 1616 (m), 1231 (m), 1154 (s), 772 (m) cm�1. UV (MeOH): lmax
253 nm.
4.8. (2E,4E)-5-(1,3-dioxolan-2-yl)-3-methylpenta-2,4-dien-1-ol
(20b)

Following the general procedure for Dibal-H reduction of esters,
the reaction of ethyl (2E,4E)-5-(1,3-dioxolan-2-yl)-3-methylpenta-
2,4-dienoate 20a (1.39 g, 6.59mmol) with Dibal-H (16.5mL, 1M in
hexanes, 16.5mmol) in THF (33.4mL) at �78 �C for 2 h, afforded
1.11 g (99%) of a colorless oil identified as (2E,4E)-5-(1,3-dioxolan-2-
yl)-3-methylpenta-2,4-dien-1-ol 20b. 1H NMR (400MHz, C6D6):
d 6.43 (d, J¼ 15.8 Hz, 1H, H4), 5.77 (dd, J¼ 15.8, 5.9 Hz, 1H, H5), 5.54
(t, J¼ 5.4 Hz, 1H, H2), 5.32 (d, J¼ 5.9 Hz, 1H, H6), 3.90 (d, J¼ 5.4 Hz,
2H, 2H1), 3.65e3.54 (m, 2H, CH2), 3.47e3.41 (m, 2H, CH2), 1.47 (s,
3H, CH3) ppm. 13C NMR (101MHz, C6D6): d 138.8 (d), 134.1 (s), 134.0
(d), 125.3 (d), 104.4 (d), 65.0 (t, 2�), 59.2 (t), 12.4 (q) ppm. HRMS
(ESIþ): Calcd. for C9H15O3 ([MþH]þ), 171.1016; found, 171.1020. IR
(NaCl): n 3500-3100 (br, OeH), 2950 (m, CeH), 2883 (m, CeH), 1386
(m), 1156 (m), 1085 (m), 1014 (m), 950 (s) cm�1. UV (MeOH): lmax
233 nm.
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4.9. Methyl (2E,4E,6E,8E,10E,12E,14E)-4,9,13-trimethyl-15-(2,6,6-
trimethylcyclohex-1-en-1-yl)pentadeca-2,4,6,8,10,12,14-
heptaenoate (methyl 100-b-apo-carotenoate) (25)

Following the general procedure for olefin metathesis, the re-
action of (1,3,3-trimethyl-2-((1E,3E,5E,7E)-3,7-dimethyldeca-
1,3,5,7,9-pentaenyl)cyclohex-1-ene 12 (10mg, 0.035mmol), methyl
(2E,4E,6E) and (2E,4E,6Z)-4-methylocta-2,4,6-trienoate 24
(35.3mg, 0.212mmol) and 2nd generation Hoveyda-Grubbs cata-
lyst (4.4mg, 0.007mmol) in toluene (0.18mL) at 25 �C for 5 h,
afforded, after purification by column chromatography (silica gel,
98:2 hexane/EtOAc) in order of elution, 5.5mg (58%) of a red solid
identified as b,b-carotene 1, 17.2mg (49%) of a yellowish oil iden-
tified as starting methyl (2E,4E,6E) and (2E,4E,6Z)-4-methylocta-
2,4,6-trienoate 24 and 3.4mg (24%) of a red oil identified as methyl
(2E,4E,6E,8E,10E,12E,14E)-4,9,13-trimethyl-15-(2,6,6-
trimethylcyclohex-1-en-1-yl)pentadeca-2,4,6,8,10,12,14-
heptaenoate 25. 1H NMR (400.16MHz, (CD3)2CO): d 7.35 (d,
J¼ 15.5 Hz, 1H, H120), 6.96 (dd, J¼ 13.9, 11.9 Hz, 1H, H15), 6.84 (dd,
J¼ 14.9, 11.5 Hz, 1H, H11), 6.80e6.72 (m, 1H, H150), 6.67 (d,
J¼ 11.8 Hz, 1H, H140), 6.43 (d, J¼ 15.0 Hz, 1H, H12), 6.37 (d,
J¼ 11.8 Hz, 1H, H14), 6.26 (d, J¼ 15.8 Hz, 1H, H7), 6.23 (d, J¼ 11.0 Hz,
1H, H10), 6.17 (d, J¼ 16.1 Hz, 1H, H8), 5.90 (d, J¼ 15.5 Hz, 1H, H110),
3.69 (s, 3H, OCH3), 2.07e2.05 (m, 2H, CH2), 2.03 (s, 3H, CH3), 2.00 (s,
3H, CH3), 1.96 (s, 3H, CH3), 1.71 (s, 3H, CH3), 1.68e1.57 (m, 2H, CH2),
1.51e1.45 (m, 2H, CH2), 1.03 (s, 6H, 2 � CH3) ppm. 13C NMR
(100.62MHz, (CD3)2CO): d 167.8 (s), 149.3 (d), 140.3 (d), 139.8 (s),
138.8 (d), 138.7 (s), 137.9 (d), 137.4 (s), 135.0 (d), 134.2 (s), 132.8 (d),
131.9 (d), 129.9 (d), 129.9 (s), 127.6 (d), 127.3 (d), 116.8 (d), 51.5 (q),
40.3 (t), 34.9 (s), 33.6 (t), 29.3 (q, 2�), 22.0 (q), 19.9 (t), 12.9 (q), 12.8
(q), 12.6 (q) ppm. HRMS (ESIþ): Calcd. for C28H39O2 ([MþH]þ),
407.2945; found, 407.2954. IR (NaCl): n 2921 (m, CeH), 2856 (m,
CeH), 1714 (m, C]O), 1701 (m), 1539 (m) cm�1. UV (MeOH):
429 nm.

4.10. (2E,4E,6E,8E,10E,12E,14E)-4,9,13-trimethyl-15-(2,6,6-
trimethylcyclohex-1-en-1-yl)pentadeca-2,4,6,8,10,12,14-heptaenal
(100-apo-b-carotenal) (6)

Following the general procedure for Dibal-H reduction of esters,
the reaction of methyl (2E,4E,6E,8E,10E,12E,14E)-4,9,13-trimethyl-
15-(2,6,6-trimethylcyclohex-1-en-1-yl)pentadeca-2,4,6,8,10,12,14-
heptaenoate 25 (11.2mg, 0.028mmol) with Dibal-H (6.9 mL,
0.069mmol, 1M in hexanes) in THF (0.138mL) at �78 �C for 2 h,
afforded, after purification by column chromatography (silica gel,
gradient from 85:12:3 to 80:20:0 hexane/EtOAc/Et3N) 10mg of a
red solid identified as (2E,4E,6E,8E,10E,12E,14E)-4,9,13-trimethyl-
15-(2,6,6-trimethylcyclohex-1-en-1-yl)pentadeca-2,4,6,8,10,12,14-
heptaen-1-ol 26 which was used without further purification.

Following the general procedure for MnO2 oxidation of alcohols,
the reaction of (2E,4E,6E,8E,10E,12E,14E)-4,9,13-trimethyl-15-
(2,6,6-trimethylcyclohex-1-en-1-yl)pentadeca-2,4,6,8,10,12,14-
heptaen-1-ol 26 (10.7mg, 0.028mmol) with MnO2 (52.2mg,
0.51mmol) and Na2CO3 (54.1mg, 0.51mmol) in THF (0.423mL) at
25 �C for 2 h afforded, after purification by column chromatography
(silica gel, gradient from 98:0:2 to 97:3:0 hexane/EtOAc/Et3N)
6.1mg (58% combined yield) of a red solid identified as
(2E,4E,6E,8E,10E,12E,14E)-4,9,13-trimethyl-15-(2,6,6-
trimethylcyclohex-1-en-1-yl)pentadeca-2,4,6,8,10,12,14-heptaenal
6 which was purified by HPLC (Waters Spherisorb™ 10 mm CN,
10� 250mm Semipreparative column with NovaPak CN 4 mm
precolumn, 95:5 hexane/acetone, flow rate: 3mL/min, tR¼ 12min).
1H NMR (400.16MHz, (CD3)2CO): d 9.59 (d, J¼ 7.6 Hz, 1H, H100), 7.33
(d, J¼ 15.3 Hz, 1H, H120), 7.08e6.96 (m, 1H, H15 or H150), 6.86 (dd,
J¼ 15.0, 11.4 Hz, 1H, H11), 6.81e6.74 (m, 2H, H14 or H14’ þ H15 or
H150), 6.44 (d, J¼ 15.0 Hz, 1H, H12), 6.39 (d, J¼ 12.0 Hz, 1H, H14 or
H140), 6.30e6.11 (m, 4H, H7 þ H8 þ H10 þ H110), 2.07e2.04 (m, 2H,
CH2), 2.04 (s, 6H, 2 � CH3), 2.00 (s, 3H, CH3), 1.71 (s, 3H, CH3),
1.66e1.59 (m, 2H, CH2), 1.50e1.46 (m, 2H, CH2), 1.03 (s, 6H, 2� CH3)
ppm. 13C NMR (100.62MHz, (CD3)2CO): d 193.7 (d), 156.9 (d), 141.7
(d), 140.7 (s), 138.7 (d), 138.7 (s), 137.9 (d), 137.6 (s), 136.1 (d), 134.7
(s), 132.6 (d), 131.9 (d), 129.9 (s), 129.9 (d), 128.1 (d), 127.8 (d), 127.6
(d), 40.3 (t), 34.9 (s), 33.6 (t), 29.3 (q, 2�), 22.0 (q), 19.9 (t), 13.0 (q),
12.8 (q), 12.70 (q) ppm. HRMS (ESIþ): Calcd. for C27H37O ([MþH]þ),
377.2839; found, 377.2842. IR (NaCl): n 2920 (m, CeH), 2852 (m,
CeH), 1671 (s, C]O), 1123 (s), 968 (m) cm�1. UV (MeOH): 450 nm (ε
66 400mol-1 L cm-1).

4.11. Purification of recombinant human ALDHs and enzymatic
assay

Human ALDH1A1, ALDH1A2 and ALDH1A3 were recombinantly
expressed from the pET-30 Xa/LIC vector and affinity purified onto
a Ni2þ-NTA Chelating Sepharose™ Fast Flow column (GE Heath-
care). Activity assays with apo-b-carotenals were carried out using
detergent-free solubilization and end-point reaction, followed by
HPLC, originally devised for retinoid analysis.43 ALDH1A1 and
ALDH1A2 were assayed in 50mM HEPES, 0.5mM EDTA, 0.5mM
DTT, pH 8.0, while ALDH1A3 was assayed in 50mM HEPES, 30mM
MgCl2, 5mM DTT, pH 8.0. Concentration of 120- and 140-apo-b-
carotenal was determined based on the corresponding molar ab-
sorption coefficient in aqueous solutions at the appropriate wave-
length (ε410¼ 24 228M�1 cm�1 and ε416¼15 945M�1 cm�1, for 120-
apo-b-carotenal 5 in ALDH1A1/1A2 and ALDH1A3 reaction buffer,
respectively; and ε397¼ 9218M�1 cm�1 and ε340¼ 9036M�1 cm�1

for 140-apo-b-carotenal 4 in ALDH1A1/1A2 and ALDH1A3 reaction
buffer, respectively). The reaction was started by the addition of
cofactor and carried out for 15min at 37 �C in a final volume of
0.5mL. With the aim to measure the steady state enzymatic ac-
tivity, the concentration of enzyme was kept from 50- to 100-fold
lower than that of the substrate for all enzymatic assays and a
saturating concentration of cofactor (0.5mM NADþ) was used.
Reaction products were extracted with hexane/dioxane/iso-
propanol (50:5:1, v/v) and analyzed by an HPLC-based method.44

The organic layer was evaporated, apo-b-carotenoids were dis-
solved in hexane and injected onto a NovaPak® silica gel column
(4 mm, 3.9� 150mm, Waters) in hexane:tert-butyl methyl ether
(96:4, v/v) mobile phase, at a flow rate of 2mL/min using a Waters
Alliance 2695 HPLC instrument. Elution was monitored at 415 nm
for 120-apo-b-carotenal 5, 400 nm for 120-apo-b-carotenoic acid 9
and 140-apo-b-carotenal 4, and 373 nm for 140-apo-b-carotenoic
acid 8, using a Waters 2996 photodiode array detector. All com-
pound manipulations were performed under dim or red light to
prevent photoisomerization.
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