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Chapter 1 

 

General Introduction 

 

 

 

 

 

 

Aldehyde dehydrogenases 

The aldehyde dehydrogenases (ALDHs) belong to a family of 19 oxidoreductases based on 

sequence homology.1,2 They perform important metabolic roles in our cells as they convert 

endogenous and exogenous aldehydes into carboxylic acids.3 ALDHs are nicotinamide 

adenine dinucleotide (NAD+) dependent enzymes and have a conserved catalytic cysteine 

and glutamic acid. The mechanism by which they convert their aldehyde substrates into a 

carboxylic acid is shown in Fig. 1.1.1 The catalytic cysteine is activated by the neighboring 

glutamic acid residue via deprotonation. Nucleophilic attack of the catalytic cysteine on the 

aldehyde results in a hemithioacetal. Subsequent hydride abstraction by NAD+ results in a 

thioester. The thioester bond is hydrolyzed by a water molecule, which is deprotonated by 

the neighboring glutamate, thereby releasing the product.4 The conversion of aldehydes into 

carboxylic acids is vital as aldehydes are reactive functional groups, which may form adducts 

with both proteins and DNA leading to cellular damage.5  
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Fig. 1.1 | General enzymatic mechanism of ALDH enzymes. Starting from the upper left: the cofactor NAD+ 

binds and the glutamate activates the catalytic cysteine via deprotonation. The substrate then binds to the 

enzyme, followed by nucleophilic attack of the catalytic cysteine on the aldehyde. Hydride abstraction by NAD+ 

results in a thioester. Glutamate assisted hydrolysis of the thioester bond results in the release of the product 

and NADH. 

 

ALDH activity is not only essential for the detoxification of aldehydes, but also for the 

production of several functional biomolecules, such as retinoic acid2, γ-aminobutyric acid 

(GABA)6, folate7 and betaine8, that regulate important cellular processes.9 Not surprisingly, 

mutations in certain ALDH enzymes that compromise their enzymatic activity are associated 

with metabolic diseases10, such as Sjögren-Larsson syndrome11, type II hyperprolinemia12 

and 4-hydroxybutyric aciduria.13 These are autosomal recessive disorders linked to mutations 

in ALDH3A2, ALDH4A1 and ALDH5A1, respectively.11–13  

 

Upregulation of ALDH expression levels is commonly observed in cancer cells. ALDH 

activity in breast cancer has been linked with chemo- and radiotherapy resistance.14 

For example, ALDH1A1 overexpression is predictive of chemoresistance towards 

cyclophosphamide and the expression of ALDH1A3 is associated with poor clinical outcome 

in breast cancer.15–19 Consequently, ALDH inhibition is a potential therapeutic strategy to 

overcome therapy resistance in cancer. 
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To date, the only ALDH inhibitor used in the clinic is 

disulfiram (Antabuse, Fig. 1.2), which is prescribed to 

support chronic alcoholics to maintain sobriety. The 

compound was originally used in industry as an 

accelerator of the rubber vulcanization process. It was 

first linked to ethanol metabolism in 1937 by 

E. Williams, who reported on the inability to consume alcohol of workers handling 

disulfiram.20 Hald and Jacobsen showed that the sensitization to ethanol by disulfiram is 

accompanied by increased acetaldehyde concentrations in the blood.21 Although disulfiram 

has been shown to be a pan-ALDH inhibitor, its effect on ethanol metabolism has mainly be 

ascribed to its inhibition of mitochondrial ALDH2. ALDH2 is the main ALDH responsible 

for converting acetaldehyde, formed after the dehydrogenation of ethanol in the first 

metabolic step, into acetate in the liver.22,23 

 

Vitamin A: biological effects and metabolism 

Vitamin A or retinol is taken up from the diet as the vitamin A precursors, β-carotene or 

retinyl esters.24,25 Retinyl esters are hydrolyzed into retinol in the intestinal lumen by 

pancreatic enzymes after which retinol is taken up by the intestinal epithelial cells.26 Inside 

these cells, retinol can be re-esterified into retinyl esters and stored in blood circulating 

lipoprotein particles, called chylomicrons, which are transported to the liver, the main storage 

depot of vitamin A in the human body.27 Alternatively, Retinol can be converted by the 

intestinal epithelial cells into retinal by retinol dehydrogenases (RDHs), which are members 

of the short chain dehydrogenase/reductase (SDR) superfamily28, and alcohol 

dehydrogenases (ADHs).29 The contrary reaction, reduction of retinal to retinol, can be 

performed by aldo-keto reductases (AKRs)30 and RDHs.28  

 

β-carotene is taken up directly by intestinal epithelial cells and cleaved into two retinal 

molecules.31 Retinal is subsequently oxidized to retinoic acid by ALDHs in an irreversible 

step. A schematic overview of the enzymes involved in vitamin A metabolism in the small 

intestines is shown in Fig. 1.3.  

 

Fig. 1.2 | Chemical structure of 

disulfiram 
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Fig. 1.3 | Schematic overview of vitamin A metabolism. Retinyl esters are converted in the lumen by 

pancreatic triglyceride lipase (PTL) and pancreatic lipase-related protein 2 (PLRP2) into retinol and then taken 

up by the intestinal epithelial cells (IECs). The IECs can convert retinol either back into retinyl esters intended 

for storage in the liver via lecithin retinol acyltransferase (LRAT) or into retinal by alcohol dehydrogenases 

(ADHs) and retinol dehydrogenases (RDHs). Retinal can be transformed back into retinol by aldo-keto 

reductasees (AKRs) and RDHs. β-Carotene is cleaved by β-carotene 15,15’-dioxygenase (BCMO1) forming 

two molecules of retinal in the IECs. Retinal can subsequently be metabolized into retinoic acid by aldehyde 

dehydrogenases (ALDHs). 

 

Retinoic acid regulates many cellular and physiological functions, including embryonic 

development, immunomodulation, neuronal differentiation and (cancer) stem cell 

proliferation.32–35 Most of these functions of retinoic acid are mediated via the retinoic acid 

receptor (RAR), which forms heterodimers with the retinoid X receptor (RXR). Binding of 

retinoic acid to the RAR/RXR heterodimer complex modulates gene transcription by 

recruiting different cofactors to the DNA-bound complex in a cell specific manner.36,37 

Retinoic acid is essential in chordate animals as disruption of retinoic acid signaling can lead 

to severe (neural) developmental defects, autoimmunity disorders and cancer.32,38–40 The key 

function of retinoic acid in biological signaling implies that its cellular levels are tightly 

regulated.  
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Three retinaldehyde dehydrogenases (ALDH1A1, ALDH1A2 and ALDH1A3) have been 

identified that produce retinoic acid.1,2 These ALDHs have a variable and inducible cellular 

expression pattern. Their activity is regulated by post-translational modifications.41,42 

Immunoblotting and quantitative real-time polymerase chain reaction (RT-PCR) are 

currently used to determine retinaldehyde dehydrogenase expression levels in cells, but these 

assays report solely on protein expression levels and not on activity.16,43  

 

The ALDEFLUOR assay does report on global ALDH activity levels in (cancer) stem cells. 

This assay uses a fluorescent aldehyde that upon oxidation to a charged fluorescent 

carboxylate is trapped within the cell. Therefore, cells with high ALDH activity become 

fluorescent and can be detected using fluorescence activated cell sorting (FACS) (Fig. 1.4).  

 

 

Fig. 1.4 | Determination of ALDH activity using the ALDEFLUOR assay. a, Chemical representation of the 

conversion of the ALDEFLUOR substrate by ALDHs. b, Representative FACS plot of cells treated with 

ALDEFLUOR (red) and a negative control in which cells were pretreated with an ALDH inhibitor (blue).   

 

However, the ALDEFLUOR assay does not discriminate between individual ALDHs.44 

Recently developed selective fluorescent substrates report on the activity of a single enzyme, 

but do not provide an overview of the global ALDH activity present in a biological 

system.45,46 The development of chemical tools and methods to profile the levels of active 

retinaldehyde dehydrogenases is, therefore, important to study retinoic acid formation in 

health and disease, and for the discovery of effective ALDH inhibitors for therapeutic 

strategies. 

 

 

 

a b
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Activity-based protein profiling 

Activity-based protein profiling (ABPP) is a powerful chemical biological method that is 

ideally suited to report on the abundance and identity of active enzymes in complex biological 

systems.47 It employs activity-based probes (ABP) that covalently and irreversibly react with 

conserved catalytic amino acid residues in the active site of proteins. ABPs constitute an 

electrophilic warhead to covalently react with the catalytic nucleophile, a recognition element 

for enzyme affinity and in the case of a two-step probe a ligation handle for the introduction 

of reporter molecules, such as fluorophores or biotin. These reporter groups enable target 

visualization by resolving samples on sodium dodecyl sulfate polyacrylamide gel 

electrophoresis (SDS-PAGE) followed by in-gel fluorescent scanning or target identification 

by affinity enrichment and chemical proteomics, respectively (Fig. 1.5).  

 

Fig. 1.5 | Activity-based Protein Profiling. Schematic representation of an ABPP workflow using a two-step 

probe.  

 

Commonly used ligation handles are alkynes and azides which are coupled to the reporter 

groups using a copper(I)-catalyzed azide-alkyne [2+3] cycloaddition.48 The introduction of 

the reporter group after covalent interaction of the probe with its target offers the advantage 

of avoiding potential issues with potency, selectivity and cell permeability.49  

 

There are two main applications for which ABPs are commonly used: comparative and 

competitive ABPP. Comparative ABPP studies the abundance of active enzymes in 

biological samples derived from different biological states, such as healthy versus disease 

states50,51, different differentiation states, developmental stages or from various tissues.52,53  

Competitive ABPP reports on the potency and selectivity of inhibitors. Preincubation of 

biological samples with an inhibitor blocks the active site of interacting enzymes, which can 

Incubation Ligation Analysis

SDS-Page

LC-MS/MS
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therefore, not be labeled by the ABP. This results in a concentration-dependent decrease in 

labeled proteins, which can be quantified using chemical proteomics. ABPP can be applied 

in a wide variety of biological samples ranging from cell lysate and living cells to in vivo 

animal models.54 

  

ABPP has been successfully and widely applied in the field of serine hydrolases52,55, 

proteases56, kinases57 and glycosidases.58 However, only a few ABPs for oxidoreductases, 

which target P45059, MAO60 and 15-LOX61, have been published. There are currently no 

ABPs that report on ALDH activity. It is envisioned that chemical tools and methods that 

allow the identification and quantitation of the levels of active ALDHs in human cells is of 

utility to study the role of these enzymes in health and disease. 
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Aim and outline 

The aim of this thesis is to design, synthesize and apply activity-based probes for the profiling 

of aldehyde dehydrogenase activity in complex biological samples. The outline of this thesis 

is as follows:  

Chapter 2 provides an overview of the currently available lipid-based ABPs and 

discusses the (future) applications of lipid-based probes in immunology.  

Chapter 3 describes the design and synthesis of the first-in-class retinal-based ABP 

LEI-945 for the profiling of ALDHs.  

Chapter 4 focusses on the biological validation of LEI-945 as an ABP for ALDHs. 

The detection of various ALDH isozymes by LEI-945 was demonstrated in living cells using 

fluorescence and chemical proteomic approaches. 

Chapter 5 describes the utility of LEI-945 in quantitating ALDH isozyme activity 

in a panel of breastcancer subtypes. LEI-945 was superior to the widely used ALDEFLUOR 

assay in explaining the ability of breast cancer (stem) cells to produce retinoic acid. 

Furthermore, the probe revealed the cellular selectivity profile of an advanced ALDH1A1 

inhibitor, thereby prompting the investigation of its cytotoxic nature.  

Chapter 6 elaborates on the role of vitamin A metabolism in intestinal epithelial cells 

in immune homeostasis. Comparative ABPP using LEI-945 of intestinal cells isolated from 

wild type and ALDH1A1 knockout mice pointed to ALDH1B1 as a potential alternative 

retinoic acid producing enzyme. 

Chapter 7 describes the synthesis of alkyne functionalized retinoid analogues 

without an electrophilic warhead. Clickable retinoic acid differentiated HL60 cells into 

granulocytes in a similar fashion as retinoic acid. The probes were subsequently used in 

photoaffinity based chemical proteomics to define the retinoid interactome.  

Chapter 8 describes the design, synthesis and application of an easily accessible 

broadspectrum ABP with a non-retinoid scaffold in the profiling of ALDH activity in cancer 

cells. 

Chapter 9 summarizes the work presented in this thesis and reflects on future 

opportunities for the application of chemical probes profiling aldehyde dehydrogenases and 

retinoid interacting partners.  
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