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Introduction 

Aldehyde dehydrogenases (ALDH) are a family of seventeen homologous 

enzymes that catalyze the oxidation of an assortment of endogenous and 

exogenous aldehydes (1). ALDHs serve as enzymes intended to protect the cells 

from the damaging effects of these highly reactive compounds. Constituents of 

the aldehyde dehydrogenase (ALDH) superfamily catalyze the oxidation of 

cytotoxic aldehydes by using NAD(P)+ as the electron acceptor (2, 3). ALDH 

family members participate in the metabolism of amino acids, steroids, biogenic 

amines, lipids and vitamins as well as in ethanol, retinol, dopamine and GABA 

metabolism (4). Table 1 represents the ALDH gene superfamily. The gene 

nomenclature is based on sequence identity within the superfamily such that 

enzymes sharing less than 40% sequence identity are classified in separate 

families and those sharing greater than 60% sequence identity constitute distinct 

subfamilies (28). For instance, members of the ALDH1 family share less than 

30% sequence identity with the ALDH3 family, whereas ALDH1A1, ALDH1A2 

and ALDH1A3 share approximately 75% sequence identity. The only exception 

to this nomenclature system is ALDH2, which by sequence identity belongs in the 

ALDH1 family (approximately 68% to ALDH1A1), but the extensive publication 

record on ALDH2 and its role in ethanol metabolism, made it simpler to retain its 

original gene designation. 
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Recent work has shown that specific ALDH isoenzymes can contribute to the 

underlying pathology of different diseases. Many ALDH isozymes are important 

in oxidizing reactive aldehydes resulting from lipid peroxidation, and, thus, help 

maintain cellular homeostasis. Increased expression and activity of ALDH 

isozymes are found in many human cancers and are often associated with poor 

prognosis (95, 96). Therefore, the development of inhibitors of the different ALDH 

enzymes is of interest as means to treat some of these disease states. 

 

The three most extensively studied isoenzymes are ALDH1A1, ALDH2 and 

ALDH3A1. Each of the isoenzymes displays individual physical and enzymatic 

properties, such as quarternary structure and substrate specificity. The closest 

homolog of human ALDH2 is human ALDH1B1 with 72% sequence identity, but 

with less than 60% sequence identity within the substrate binding site (104). In 

addition to ALDH1B1, the human ALDH1 family also contains the ALDH1A1, 

ALDH1A2 and ALDH1A3 subfamilies. These ALDH1A isozymes are the primary 

isoenzymes that synthesize Retinoic Acid (RA) from retinal and it is critical in 

regulating RA signaling and as a consequence is strongly implicated in 

embryogenesis and development. The ALDH1A1 gene product is a cytosolic 

homo-tetramer (~55 kDa subunits) that is expressed in brain, cornea, lens, retina, 
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liver, and the gastrointestinal tract. Retinoic acid (RA) is produced in vivo and it is 

a lipophilic molecule essential for growth and developmental processes in the 

embryo. ALDH1A1 was first shown to catalyze the irreversible oxidation of 

retinaldehyde to its carboxylic acid, retinoic acid (13). ALDH1A1 is also a key 

biomarker for cancer cells and cancer stem cells (4, 5).  

 

The expression of ALDH1A1 is associated with drug resistance towards 

oxazaphosphorines, including cyclophosphamide, in different tumor types (12). 

ALDH1A1 and ALDH3A1 are lens and corneal crystallins, which are necessary 

for the cellular defense mechanism against ultraviolet radiation-induced damage 

in ocular tissues. Also, ALDH1A1 has been linked with alcoholism, alcohol-

induced flushing and alcohol sensitivity. ALDH1A1 metabolizes acetaldehyde 

formed during ethanol metabolism to acetate. This is especially important in the 

East Asian population where ALDH2 activity is low as a consequence of the 

common ALDH2*2 allele that produces an inactive form of ALDH2 (9).  

 

ALDH1A2 is one of the four retinaldehyde dehydrogenases. ALDH1A2 is a 

cytosolic homotetramer and as a retinaldehyde dehydrogenase displays complex 

expression patterns during embryonic development. This suggests that 

ALDH1A2 plays a role in retinoid metabolism during embryonic development 
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where it is considered to be the major retinoic acid-synthesizing enzyme during 

early embryogenesis (14). Genetic knockout of ALDH1A2 is lethal during 

embryonic development in mice and as such is considered an essential gene 

(108). ALDH1A2 is expressed in normal prostate epithelia and it is less 

abundant. ALDH1A2 is down-regulated in prostate cancer and can be used as a 

tumor suppressor (15). 

 

Like ALDH1A2, ALDH1A3 is a retinaldehyde dehydrogenase and it is a cytosolic 

homotetramer and like ALDH1A2, genetic knockout of ALDH1A3 is lethal during 

embryonic development (105). ALDH1A3 is expressed at low levels in most 

organs but at higher levels in the salivary gland, stomach and kidney (16).  

 

ALDH1B1 is an NAD+ dependent mitochondrial homotetramer. It is expressed in 

the liver, kidney, skeletal muscle and fetal tissues (17). ALDH1B1 is unique by 

being encoded by an intron-less gene and it has about 72% sequence identity to 

ALDH2. ALDH1B1 is not sensitive to inhibition by disulfiram and has the second 

best catalytic efficiency toward acetaldehyde after its close homolog, ALDH2 

(104). 
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ALDH2 is a homotetramer (Fig 1), encoded in the nucleus and transported into 

the mitochondria. ALDH2 has a broad expression pattern, it is an important 

enzyme that oxidizes acetaldehyde and it is central for alcohol metabolism. 

Mitochondrial aldehyde dehydrogenase (ALDH2) is mostly associated with 

ethanol metabolism, catalyzing the oxidation of acetaldehyde to acetate. About 

40% of individuals of Far East Asian descent have a functional polymorphism in 

the gene encoding ALDH2 (ALDH2*2) resulting a largely inactive form of the 

enzyme. Low activity of ALDH2*2 enzyme in East Asians is linked with 

acetaldehyde toxicity when they consume ethanol and a reduced efficacy of 

nitroglycerin (7, 8). In this low-activity form of the enzyme, a highly conserved 

residue, Glu487, has been replaced by a lysine residue (18). Also, recent 

findings demonstrate ALDH2 plays a role in cardiovascular disease with the 

ability to bioactivate nitroglycerin as an anti-anginal (anti-chest pain) caused by 

restricted blood flow and oxygen to the heart and in the cardio-protective effects 

of ethanol prior to myocardial infarction (9-11).  

 

ALDH3A1 is a cytosolic homodimer. It is a major corneal protein called a 

crystallin and it is expressed in the cornea of several mammalian species 

including humans (19-20). The specific roles of ALDH3A1 are under 

investigation, but it is believed to include maintenance of corneal transparency, 
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absorption of UV-light and protection of lens crystallins (21). Some investigations 

showed ALDH3A1 to play a role as negative cell cycle regulator by extending the 

cell cycle and changing checkpoint protein expression levels (22). To date, rabbit 

is the only mammalian species examined that doesn’t have ALDH3A1 expression 

in the cornea, but this is compensated by elevated levels of ALDH1A1 (23). Also, 

ALDH3A1 along with ALDH1A1 confers resistance to cyclophosphamide in 

cancer cells (6). 

 

The roles played by the different ALDH isozymes in disease states continue to 

develop and the need for the development of selective inhibitors of the individual 

isozymes becomes more imperative. Ideally, those inhibitors could be further 

developed for the treatment of disease states in which ALDH activity is implicated 

in the pathophysiology (24-27). Pharmacological inhibitors have been developed 

for only three of the ALDH isozymes – ALDH1A1, ALDH2, and ALDH3A1. There 

are fourteen known ALDH inhibitors; none of which show isozyme exclusivity. 

 

Benomyl (methyl-[1-[(butylamino)carbonyl]-1H-benzimidazol-2-yl]carbamate) is 

a benzimidazole fungicide and it is toxic to microorganisms and invertebrates 

(31). Benomyl inhibits ALDH2 when administered to mice (32). 
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Trichloroacetaldehyde monohydrate or chloral was one of the most potent 

hypnotic agents and when co-ingested with alcohol, it results in a rapid 

stimulation of sleep. Chloral is carcinogenic in mice (33). 

 

Chlorpropamide analogues: A study in mice showed that co-administration of 

chlorpropamide or tolbutamide with alcohol inhibits ALDH2. Chlorpropamide was 

shown to be more potent and the ALDH2 inhibition was irreversible (34). Neither 

compound seemed to affect ALDH1 and ALDH3 activity suggesting that the 

inhibitory effect may be selective. 

 

Citral (3,7-dimethyl-2,6-octadienal) is a volatile aldehyde that occurs naturally in 

herbs and citrus fruits or as an additive in cosmetics and detergents. Citral is a 

slow substrate that acts as an inhibitor of ALDH1, ALDH2 as well as the ALDH3 

isozymes (35-36). Citral has the ability to inhibit retinoic acid synthesis, thus it 

has been used to study vertebrate development and the roles of ALDH1A1-1A3 

(37-38). 

 

Coprine is the active ingredient of the mushroom Coprinopsis atramentaria and 

inhibits ALDH2 in vivo irreversibly as a consequence of its hydrolysis to the 

active ingredient, 1-amino-cyclopropanol (ACP) (39-40). Mutagenic and 
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gonadotoxic side-effects stopped further pursuit of this compound as a potential 

drug (41). 

  

Cyanamide is another ALDH inhibitor; it is administered as a pro-drug and is 

used for the treatment of alcohol addiction in Europe, Canada and Japan (42). 

Liver toxicity issues preclude its approval for use in the United States. 

 

Daidzin (7-O-glucosyl-4′-hydroxyisoflavone) is a phytochemical used for cancer 

prevention and anti-dipsotropic treatments in ancient Chinese medicine (43, 44). 

Daidzin and its structural analogues are highly potent inhibitors of ALDH2 

isozyme (45), though off-target effects on monoamine oxidase have been 

reported for some structural analogues. 

 

4-(Diethylamino) benzaldehyde (DEAB) specificity hasn’t been fully 

established, but it is being used as an inhibitor of ALDH1. Recent work in the 

Hurley laboratory (C. Morgan, B. Parajuli and C. Buchman, unpublished) 

suggest, like citral, DEAB is actually a slow competitive substrate for many ALDH 

isoenzymes, including ALDH1A1, ALDH3A1 and ALDH2. 
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Disulfuram (tetraethylthioperoxydicarbonic diamide; trade name Antabuse) has 

been used since 1948 in the treatment of alcohol addiction (46). Like cyanamide, 

it is a prodrug that is activated to the inhibitory compound by cytochrome P450 

enzymes. Also like cyanamide, a long list of side effects has limited its 

widespread use in recent years. However, a new therapeutic use for Dilsulfuram 

was found in treating cocaine addiction via disulfuram inhibition of dopamine β-

hydroxylase (DBH) (47), the copper-dependent enzyme required for metabolism 

of dopamine to norepinephrine in noradrenergic neurons. The idea is that the 

decrease in norepinephrine reduces excitation of the dopaminergic neurons and 

thus calms the cocaine-induced excitement. A similar finding was observed for 

analogs of daidzin, strongly implicating a role for ALDH2 in this metabolic 

mechanism. Also there is a thought that disulfuram could serve as an anti-cancer 

therapy and there are clinical trials in progress that will be looking at its ability to 

suppress cancer growth (49). 

 

Gossypol is a terpenoid aldehyde and it is being investigated for its anti-tumor 

activity (48). Gossypol is a non-competitive inhibitor and demonstrates more 

selectivity for the ALDH3 isozyme than for the ALDH1 and ALDH2 isozymes (50). 
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Kynurenine Metabolites: Based on observations that chronic fatigue syndrome 

patients have high tryptophan levels and induced alcohol aversion, researchers 

looked for possible ALDH inhibitors amongst tryptophan metabolites. Four 

tryptophan metabolites in the kynurenine pathway showed inhibition of the rat 

liver mitochondrial ALDH2 (51). 

 

Molinate is a thiocarbamate derivative that was terminated due to its 

neurological and reproductive toxicity in rodents (52). It is a potent, covalent 

inhibitor of ALDH (106, 107). 

 

Nitroglycerin is an organic nitrate used to treat myocardial ischemia. ALDH2 

contributes the bioactivation of nitroglycerin to NO (53, 60). The mechanism of 

nitrate reduction to NO leaves the active site cysteine residues oxidized and thus 

inactivates the enzyme for further catalytic cycles. This mechanistic inactivation 

underlies the basis for nitrate tolerance during prolonged administration. 

Therefore inhibition of mitochondrial ALDH2 dehydrogenase activity stops the 

reductase activity needed for further activation of nitroglycerin. 

 

Pargyline (N-methyl-N-2-propynylbenzene-methylamine) is a monoamine 

oxidase and an irreversible inhibitor used as anti-hypertensive agent. 
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From the nineteen known human ALDH enzymes, only ALDH1A1, ALDH1B1, 

ALDH2, ALDH3A1, ALDH3B1 and ALDH7A1 have been characterized 

biochemically. Those ALDH isozymes show an overlapping spectrum for 

substrates, which makes it difficult to define isozyme-specific roles. At present, 

only ALDH1A1, ALDH2 and ALDH3A1, have been studied for susceptibility to 

pharmacological inhibition and there is no antagonists available that inhibit each 

ALDH isozyme without affecting the others. Their effects on non-ALDH enzymes, 

prevents their use in the clinic. In summary, the currently available drugs are 

ineffective because of their side effects and short half-lives. Table 2 summarizes 

all known ALDH inhibitors. 

 

As mentioned earlier, the three extensively studied isoenzymes, ALDH1A1, 

ALDH2 and ALDH3A1 have distinct, but yet overlapping substrate specificities, 

which presents a challenge for the development of selective inhibitors. Their 

respective substrate-binding sites are largely hydrophobic, yet their distinct 

surface topologies suggest some underlying specificity is likely (Fig 2). ALDH1A1 

and ALDH2 are tetramers of 500 amino acid subunits (67, 68). ALDH3A1 is a 

dimer of 453 amino acid subunits (98). ALDH2 shares about 68% sequence 

identity to ALDH1A1 and 30% to ALDH3A1. Activation of ALDH2 has been 

shown to benefit cardiovascular outcome (63). Also, an interest in specific 
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inhibition of ALDH2 is believed to have application for alcohol aversion therapy 

(9). Inhibition of ALDH1A1 or ALDH3A1 has function in cancer treatments where 

the isoenzymes are frequently over-expressed and serve as biomarkers (95, 

97). However, studies have discovered differences between the ALDH2 and 

ALDH3 isozymes in the function of conserved Glu333 and Glu209 residues and 

the differential effect of NAD+ binding on the esterase reaction (29). Exploitation 

of these functional and structural differences can form the basis for the 

development of selective inhibitors (30). 

 

For the past four years, Dr. Hurley’s laboratory has been involved in high-

throughput screening in an effort to discover novel small molecule modulators of 

aldehyde dehydrogenase activity, and more specifically, for compounds that 

promote either the activation or inhibition of ALDH1A1, ALDH2 and ALDH3A1. 

 

The National Institute of Alcohol Abuse and Alcoholism estimates the incidence 

of alcohol abuse to be about 4.6% of the general population and alcohol 

dependency to be about 3.8% of the population (99). There is no single 

pharmacotherapeutic agent available that is effective for all alcoholics (57). For 

instance clinical trial data shows that while patients treated with oral Naltrexone 

can decrease alcohol use by up to 50%, alcohol consumption is not eliminated 
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and not all patients show reduced consumption (9). Dr. Hurley’s laboratory goal 

is to discover and develop a highly potent and selective compound for the 

inhibition of ALDH2 for alcohol dependency. The basic idea is that small organic 

molecules that have suitable efficacy and pharmacokinetic profile could be used 

in combination with currently approved drugs for alcohol dependence therapies 

as a way to further augment their effects. It is really important to identify new 

compounds that have the ability to decrease alcohol addiction, since not all 

alcoholics respond positively to a given treatment. In approximately one billion 

people, a point mutation inactivates an important detoxifying enzyme, aldehyde 

dehydrogenase (ALDH2). Interestingly, this natural genetic knockout, leads to 

few measurable phenotypes in the population, suggesting that similarly selective 

agent(s) could render an identical outcome. As I mentioned earlier, this 

mitochondrial enzyme metabolizes toxic biogenic and environmental aldehydes, 

including the endogenously produced 4-hydroxynonenal (4HNE) and the 

environmental pollutant, acrolein. However, it would appear that the redundancy 

present in the spectrum of ALDH isoenzymes expressed in the body leads to few 

clinically relevant symptom when ALDH2 is inactivated. ALDH2 also bioactivates 

nitroglycerin, but it is mostly known as the rate limiting enzyme in ethanol 

metabolism. These two outcomes are the most well-studied results of ALDH2 

inactivation, namely protection from alcoholism and a slightly increased risk of 
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mortality upon MI and decreased efficacy of nitroglycerin in ALDH2*2 individuals. 

Ultimately, inhibition of ALDH2 with small molecules that possesses suitable 

pharmacokinetic properties and efficacy could lead to a drug for the treatment of 

alcohol dependence with considerably fewer side-effects and better clinical 

profiles than either Antabuse (disulfuram) or Cyanamide. 

 

Scope of Work 

Enzymes have binding cavities both within their respective active sites, as well as 

those that are away from the primary active site where they may promote 

interaction with other molecules or they can control the catalytic activity of the 

enzyme through allosteric affects. Also these cavities can facilitate protein-

protein interactions like polymerization or signaling. Computational approaches 

exist that can evaluate the shape and chemical complementarity of compounds 

to such sites. In general, targeting those cavities can, in the case of active site 

directed searches, interfere directly with catalysis, while targeting remote or 

allosteric sites can disrupt conformational transitions or changes in 

oligomerization that are critical for the enzyme’s function. ALDH2 is not known as 

allosteric enzyme, but mutations at or near the subunit interfaces can induce 

cooperativity (100). By targeting both types of sites, highly selective inhibitors 

with lower risk of toxicity and side effects can be discovered since the sites are 
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usually not shared by other enzymes. As shown in Fig 2, human ALDH2 has 

unique substrate site topologies when compared to either ALDH1A1 or 

ALDH3A1, consequently the work described in this thesis is to characterize the 

first set of compounds that were identified from a computational screen of the 

substrate binding site. Here I describe the results of assays designed to 

characterize the site of interaction and the mode of inhibition for the unique 

compounds that function as inhibitors of aldehyde dehydrogenase 2 and 

determine their respective IC50 values with intent to develop structure-activity 

relationships for future development. 
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Materials and Methods 

Materials 

Nicotinamide-adenine dinucleotide (NAD+) and N,N-bis[2-hydroxyethyl]-2-

aminoethanesulfonic acid;2-[bis(2 hydroxyethyl)amino]ethanesulfonic acid (BES) 

were purchased from Sigma (St. Louis, MO, USA). Propionaldehyde and p-

nitrophenylacetate were purchased from Aldrich (St. Louis, MO, USA). Dimethyl 

Sulfoxide (100% liquid) was purchased from Fisher (Pittsburgh, PA, USA). Para-

nitrophenol (pNPA) was purchased from Sigma (St. Louis, MO, USA). All 

Inhibitors were purchased from Pharmeks (Moscow, Russia). 

 

Cells and Plasmids 

BL21 cells were transformed with the expression plasmid for ALDH2 and plated 

on TY with ampicillin (AMP) agar plates at 100 ug/ml final concentration. They 

were grown over night at 37°C (103). 

 

Expression of ALDH2 

The enzyme was expressed and purified as described previously (103). For each 

1 L of culture, 1 mL of 100 mg/mL ampicillin was added, followed by 0.5-1.0 mL 

of overnight culture of ALDH2 expressing cells. The flasks were incubated in 

incubator/shaker at 37°C at 200 rpm until their optical density at 600 nm reached 
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0.8, at which time 1 mL of 0.1 M isopropyl-β-thiogalactopyranoside (IPTG) was 

added to induce protein expression. Following approximately 16 hours of growth 

at 16°C, the cells were poured into 500 mL tubes and centrifuged at 5000 rpm for 

10 minutes in a Beckman JA-10 rotor. DEAE-Sephacel and HAP (para-

hydroxyacetophenone linked to Sepharose 4B) columns were prepared by 

equilibration with appropriate buffers. The cell pellets were resuspended in lysis 

buffer (10 mM Sodium Phosphate, 2 mM EDTA,1 mM benzamidine, 1 mM DTT, 

pH 7.0 ) and lysed using a French Pressure cell and then a lysate supernatant 

was prepared by centrifugation at 100,000 X G using a BeckmanTi-45 rotor for 

25 minutes at 4°C. The lysate was dialyzed against lysis buffer to remove excess 

ions and then loaded onto the DEAE-Sephacel column equilibrated in binding 

buffer, pH 7.0. The bound ALDH2 was eluted using an increasing NaCl gradient 

and 8 mL fractions were collected and assayed for ALDH2 activity. The active 

fractions were pooled. The DEAE pool was loaded into HAP Column 

(equilibrated in 20 mM sodium phosphate, 1 mM EDTA, and 50 mM NaCl, pH 

7.5, 1 mM DTT) and it was step eluted using 10 mM para-hydroxyacetophenone 

in column buffer. The eluate was concentrated and dialyzed into 10 mM ACES, 

pH 6.5, concentrated to 8 mg/mL and stored either in 50% glycerol at -20°C or 

frozen directly at -80°C without glycerol. 
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Determination of Protein Concentration  

The protein concentration was determined with the Bio-Rad protein assay kit, 

using bovine serum albumin as a standard. 

 

Fluorescence Assay for the Dehydrogenase Activity 

The dehydrogenase activity assays were performed by measuring the rate of 

increase in the fluorescence of NADH upon propionaldehyde oxidation in 25 mM 

BES at pH 7.5 containing 0.05 mM NAD+, 0.02 uM ALDH2 and 50 uM 

propionaldehyde at room temperature. The increase in fluorescence was 

monitored in kinetic mode over a 10-min period through excitation at 350 nm and 

emission at 465 nm with a Tecan Ultra 384 plate reader. The control activity 

reactions contained 2% (v/v) dimethylsulfoxide (DMSO). The control inhibition 

reactions contained 50 uM daidzin. The IC50 values were determined by varying 

the concentration of the inhibitors from 0 to 50 uM under the same reaction 

conditions. The assays with inhibitors were preincubated with enzyme and NAD+ 

for 2 minutes at room temperature before initiating the reactions with substrate. 

Statistical analysis was conducted using Microsoft Office Excel 2007 and Graph 

Pad Prism, version 5.0 (San Diego, CA, USA). The inhibition data were fit to the 

four parameter EC50 equation. All data represent the average of a minimum of 

three independent experiments with at least 3 different enzyme preparations. 
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Spectrophotometric Assay for Esterase Activity 

The esterase activities of recombinantly expressed native enzyme was 

determined in kinetic mode by assaying the rate of p-nitrophenol formation at 405 

nm in 25 mM BES at pH 7.0 on a Spectromax Plus plate reader over a 7 minute 

period. The esterase assay utilized 0.97 mM para-nitrophenylacetate as a 

standard substrate concentration and enzyme concentration of 0.06 uM for 

ALDH2 and 2% (v/v) DMSO in all assay conditions. The activity control reactions 

contained 2% DMSO. The control reactions for inhibition contained 50 uM 

Daidzin and 2% DMSO. The assays with inhibitors were preincubated with 

enzyme and NAD+ for 2 minutes at room temperature before initiating the 

reactions with substrate. The IC50 values were determined by varying the 

concentration of the inhibitors from 0 to 50 uM under the same reaction 

conditions. Statistical analysis was conducted using Microsoft Office Excel 2007 

and Graph Pad Prism, version 5.0 (San Diego, CA, USA). The inhibition data 

were fit to the four parameter EC50 equation. All data represent the average of a 

minimum of three independent experiments with at least 3 different enzyme 

preparations. 
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Results and Discussion 

Virtual screening is broadly used method to identify ligands that bind to a specific 

target. It is composed of three steps: docking – predicts the three-dimensional 

structure of a receptor-ligand complex, scoring – receptor-binding complexes are 

ordered based on a calculated binding affinity, and ranking. An in silico search 

was used to screen a selected 100,000 compounds from over 10 million 

compounds available in large chemical libraries as a means to discover 

molecules that bind and inhibit ALDH2. The molecules from the ChemBridge 

chemical library were docked to the cavity that accommodates the ALDH2 

substrate as shown in Fig 3. The screen was done by our collaborator Dr. 

Meroueh (108). The top 112 compounds were selected, purchased, and 

screened for inhibition of ALDH2 in triplicate in a 96-well assay format. The assay 

volume was 200 uL per well, which comprised of 25 mM BES, pH 7.5, 0.05 mM 

NAD+, 0.02 uM ALDH2 in 2% DMSO and 50 uM propionaldehyde. Nineteen 

inhibitory compounds were identified that inhibited ALDH2 activity by more than 

60%. These 19 compounds were tested for their potency in inhibiting both 

propionaldehyde oxidation where we monitored for NADH production 

(absorbance at 340 nm; fluorescence at ~460 nm) and the ability of ALDH2 to 

catalyze the hydrolysis of para-nitrophenyl acetate by monitoring the increase in 

para-nitrophenol absorbance at 405 nm. Out of the initial nineteen molecules that 
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emerged as hits from the primary fluorescence-based assay, 5 compounds 

inhibited ALDH2 with IC50 values less than 25 uM for either reaction. The 

chemical structures of these compounds (I32, I72, I74, I76, and I78) are shown in 

Fig 4. Compounds I74, I76 and I78 share structural similarity. 

 

We used this set of compounds to search the extensive ChemBridge chemical 

database and find analogs of the compounds that also fit well within the substrate 

site of ALDH2. Using this approach we identified an additional 43 analogs for I32, 

23 analogs for I72 and 21 analogs for I78. These analogs were then tested for 

inhibitory activity and compared to the parent inhibitors I32, I72, and I78 (Table 

3). We were interested in finding compounds with improved potency over that of 

the initial hits, so we set 80% inhibition as a threshold value. Only 8 analogs of 

the parent inhibitor I78 showed inhibition of higher than 80%. 

 

None of the I32 analogs met these criteria; similar results were seen with I72. In 

fact, the narrowness of the structure-activity relationship for all compounds was 

surprising. Rationally, one would expect that some compounds would be 

significantly worse that the parent compound and others significantly better. 

However, this was not the case and few compounds were actually worse than 

the starting compounds. This observation leads us to wonder whether the 
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analogs, or the initial hits for that matter, were actually inhibiting the enzyme or 

whether they were simply interfering with our ability to monitor the assay. In 

addition, we noted that many of the analogs for I78 that showed strong inhibition 

were not, in fact, soluble and they were precipitating on the bottom of the 96-well 

plate. 

 

At this point, we revisited the parent compound assays and reperformed the 

initial test assays and the dose-response curves with this information in mind. 

The compounds were added to the assay at a final concentration of 50 uM, and 

the activity relative to ALDH2 without added inhibitor, but containing 2% DMSO 

as the negative control reaction was measured. Daidzin at 50 uM was included 

as a positive control for inhibition. These single concentration measurements 

confirmed the initial data. Therefore, dose-responses were obtained (Fig 5). As 

one can see, with I32 we see a good sigmoidal curve with concentration 

dependence spread over 2 log functions on the x-axis. Similar dose-response 

behavior was seen for I76 and I78. However, I72 and I74 have steeper than 

expected dose-responsiveness, almost resembling step functions. I32, I76 and 

I78 have IC50 values between 0.5 and 5 uM, similar to the initial findings. 

However, the behavior of I72 and I74 do not suggest standard binding 

interactions are occurring for these compounds. 
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To further examine their interactions with ALDH2, the 5 inhibitors were then 

tested for their potency in inhibiting the ALDH2-catalyzed ester hydrolysis (Fig 6). 

The esterase assay is an independent assay that uses the same catalytic 

machinery, but involves different detection methods. Cys302, the active site 

nucleophile, forms an adduct with incoming ester substrate during ester 

hydrolysis. Glu268, general base, activates water molecule to hydrolyze enzyme 

intermediate during ester hydrolysis. In this manner, para-nitrophenol is produced 

from our substrate para-nitrophenylacetate and we can follow para-nitrophenol 

production at 405 nm. The dose-response graphs show that none of the 

compounds demonstrate good inhibitory activity measurable towards the 

esterase reaction. This suggests that the inhibitor’s site of action might not 

overlap that region of the active site required for ester hydrolysis. However, since 

the esterase reaction does not require coenzyme binding, it is still possible that 

the inhibitors are binding to ALDH2, but are binding to the coenzyme binding site, 

rather than within the substrate binding site as originally hypothesized.  

 

To test this hypothesis, we examined the ability of these compounds to compete 

for the ability of NAD+ to activate the hydrolysis of esters. Although not required 

chemically for ester hydrolysis by ALDH2, the presence of NAD+ or NADH can 

activate the rate at which ALDH2 catalyzes the hydrolytic reaction. This has been 
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linked to the ability of the coenzyme to increase the reactivity of the active site 

cysteine residues (104). These compounds alone do not activate ester hydrolysis 

(Fig 6) like NAD+ would, but if they bind to the coenzyme-binding site of ALDH2, 

they should compete for NAD+-based activation of ester hydrolysis. 

Consequently, we tested the ability of different concentrations of each inhibitor to 

displace the dose-response curve for NAD+-based activation of ester hydrolysis 

(Fig 7). These assays demonstrated that only I76 shows robust inhibition of 

NAD+-induced activation of ester hydrolysis. I74 showed some weak inhibition of 

this effect. Compound I32 absorbed light too strongly at 405 nm to test this effect. 

Consequently, we conclude that only I76 seems to show specific binding to 

ALDH2 and that the binding seems to overlap with the coenzyme binding site 

and compete for NAD+ binding. In addition, we think that some of the inhibitors 

may be interfering with the assay rather than inhibiting the enzyme. We 

examined the spectral properties of I72, I76 and I78 and found that all the 

compounds are strongly colored and that I72, I76 and I78 are strongly 

fluorescent with spectral properties that overlap our analytical wavelengths (Fig 

8). These spectral properties likely to mask our ability to detect the changes in 

either absorbance or fluorescence that we monitor in our assays. Based on the 

results we think that at least some of the inhibitors (I74, I76 and I78) are 
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competing with NAD+ binding, but that their spectral properties may be interfering 

with our ability to monitor the changes in the enzymatic activity. 

 

The described results suggest that ALDH2 may not be a robust model for 

computational approaches to inhibitor discovery. Furthermore, compounds that 

are strongly colored and strongly fluorescent with spectral properties that overlap 

our analytical wavelengths should be avoided. In the future, in order to avoid 

these complications, all the computationally derived compounds should first be 

examined on the spectrophotometer for their absorbance and fluorescence 

properties. Those that exhibit spectral characteristics that could confound our 

detection methods should not be pursued. Also, characterizing the mechanism of 

inhibition of future compounds and chemical features that contribute to their 

inhibitory potency would be critical. With such careful consideration of the 

computational output, it is possible that this approach could yield more 

efficacious compounds. 
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Table 1 The ALDH Superfamily of Enzymes. Each of the known human 
members of the ALDH superfamily of enzymes is listed below, along with their 
human chromosomal location, preferred substrate and available X-ray crystal 
structure deposition code from the Research Collaboratory for Structural 
Bioinformatics (RCSB) database (114, Adapted from Strickland et al., 2011). 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

  
Gene 
Name 

Chromosome 
location  Preferred substrate 

Crystal 
Structure 
(PDB ID) 

  ALDH4A1 1p36.13 Glutamate y-semialdehyde   

  ALDH7A1 5q31 a-Aminoadipic semialdehyde 2J6L 

 

  
 

  ALDH1A1 9q21.13 Retinal 1BXS 

  ALDH1A2 15q22.1 Retinal  1BI9 

  ALDH1A3 15q26.3 Retinal    

  ALDH1B1 9p11.1 Retinal & acetaldehyde   

  ALDH2 12q24.2 Acetaldehyde 3N80 

  ALDH1L1 3q21.2 10-Formyltetrahydrofolate 202R 

  ALDH1L2 2q23.3 10-Formyltetrahydrofolate   

  ALDH9A1 1q23.1 y-Aminobutyraldehyde   

  ALDH5A1 6p22.2 Succinate semialdehyde 2W8N 

  ALDH8A1 6q23.2 Retinal   

  ALDH6A1 14q24.3 Malonate semialdehyde   

  ALDH3A1 17p11.2 
Aromatic & Aliphatic 

Aldehydes 3LV1 

  ALDH3A2 17p11.2 Fatty Aldehydes   

  ALDH3B1 11q13.2 Octanal   

  ALDH3B2 11q13.2 Unknown   

  ALDH18A1 10q24.3 Glutamic y-semialdehyde   

  ALDH16A1 19q13.33 Unknown   
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Table 2 Known inhibitors of Aldehyde Dehydrogenases. 

Inhibitor  
Type of 

Inhibition  
Active 

Metabolite  IC
50

s(µM)  Other features  

   
hALDH1A1  hALDH2  hALDH3A1  

 

Disulfiram  Irreversible 
 

0.15 1.45 None 
Inhibits Dopamine β-
hydroxylase; displays 

Copper chelation activity; 
inhibits carboxylesterase 

and cholinesterase. 

DDTC-SO 0.27 2.2 NA 
DDTC-SO

2
  0.12 62 NA 

DETC-SO NA 1.2 NA 
DETC-SO

2
  NA 0.4 NA 

Cyanamide  Irreversible  HNO NA 10 NA 

Requires activation by 
catalase. 

Also inhibits catalase 
activity. Liver injury 

reported with 
simultaneous 

consumption of alcohol. 

Coprine  Irreversible 1-amino 
cyclopropanol 50 NA NA 

Inhibits the esterase 
activity. 

Displays mutagenicity and 
gonadotoxicity. 

DEAB  Reversible 
Competitive DEAB 0.55 NA NA No activation required. 

Confers sensitivity to 
cyclophosphamide 

resistant cells. DPAB  
 

DPAB <1 NA NA 

Citral  
Reversible 

Non-
competitive 

Neral and 
Geranial NA 

Geranial > Neral in 
inhibition. Geranial also 

showed positive co-
operativity with hALDH2; 
n≈2-2.5; Citral K

i
 for Rat 

ALDH2 =360nM.  
Carbon 

tetrachloride  Irreversible Indirect action NA 5 NA 
CCl4 induced oxidative 
stress leads to ALDH2 

phosphorylation through 
JNK pathway. 

Pargyline  Irreversible Propiolaldehyde 1.6 1.8 NA 
Activated by CYP2E1 in 

liver microsomes; 
irreversible inhibitor of 
Monoaminooxidase. 

Chloral hydrate  Reversible 
competitive Chloral Hydrate 1-10 NA NA 

Also inhibits esterase 
activity K

i 
=19µM with 

NAD
+

 . 

Benomyl  Irreversible MBT NA 

MBT showed IC50 of 
0.23µM with mALDH2, 

with activation by 
microsomes. The 

activation is inhibited by 
cytochrome P450 inhibtor. 

Gossypol  Reversible Gossypol 75 45 7.5 Inhibits several other 
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Non-
competitive 

(competitive) dehydrogenase enzymes. 
Interacts with alcohol in 
system to form a toxic 

metabolite, sufficient for 
aversion from drinking. 
Known for Anti-tumor, 

Anti-viral and Anti-
parasitic activities. 

Nitroglycerin  Irreversible ONOO
-

  NA 

DTT but not other thiols 
like GSH partially 

protected GTN induced 
inhibition of 

dehydrogenase 
activity.ALDH2 

inactivation has a role in 
impaired GTN reduction 

and nitrate tolerance. 
Daidzin  

Reversible 
competitive  

28 0.29 NA Structure analogues are 
being developed as Anti-

dipsotropic agents. CVT-10216  
 

1.3 0.029 NA 
Chlorpropamide 

analogues  
Irreversible 

HNO 
   

All of the analogues 
tested were proven to be 

more active against 
human tumor isolated 

ALDH3A1 than against 
normal tissue ALDH3A1. 

NPI-4  
 

7.5 0.1 5 
API-2  

 
1.0 4.0 2.0 

Molinate  

Irreversible 

Molinate 

NA 

>50 

NA 

Molinate sulfoxide was 
found to inhibit ALDH 

activity in mouse striatal 
synaptosomes only, 

suggesting other 
isozymes as possible 

targets. 

 
Molinate 

sulfoxide High 

 
Molinate sulfone <50 
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Table 3 Comparison between parent inhibitors #32, 72 and 78 to different 

structural analogs. 

 

  

% 
Inhibition 

        Structural analogues of 
inhibitor #32 

50 59.3 55 56 53 53 57 56 58 56 55 

  
53 56.2 58 63 61 62 70 61 59 58 68 

  
62 58.3 59 61 62 62 62 63 64 69 64 

  
79 59.1 69 66 65 68 64 68 54 70   

Structural analogues of 
inhibitor #72 

59 56.6 59 61 61 64 68 62 64 61 61 

  
57 62.4 65 65 68 65 73         

  
52 55.8 55 54               

Structural analogues of 
inhibitor #78 

65 64.7 91 99 67 54 62 70 64 61   

  
58 88.3 97 98 98 55 72 88 81 68   

Parent inhibitor #32 
57 66.6 

                  

Parent inhibitor #72 
62 63.2 

                  

Parent inhibitor #78 
69 69.7 

                  

Eight analogs of the parent inhibitor #78 showed % inhibition of 80% or higher. 
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Perez-Miller et al. 2010.

 
Fig. 1 ALDH2 3D structure with bound Alda-1 (gray atoms). The structure is 
displayed using a ribbons rendering for the protein chains with each individual 
subunit in the tetramer colored differently. 
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Fig. 2 Aldehyde Oxidation and Esterase Hydrolysis. The rate of increase in 
fluorescence of NADH upon propionaldehyde oxidation is monitored in kinetic 
mode. The esterase activity is monitored in kinetic mode by assaying the rate of 
p-nitrophenol formation at 405nm.  
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Three Human ALDH substrate Sites

ALDH1A1
(Big Funnel)

ALDH3A1
(wide inside, 
narrow exit)

ALDH2
(small tube)

 
Fig. 3 Surface representations of the substrate binding topologies of the 
three human ALDH isoenzymes. The different coloring represents different 
atom types within their respective binding channels (green for carbon atoms, red 
for oxygen atoms, blue for nitrogen atoms and yellow for sulfur atoms. Note that 
each enzyme has primarily carbon atoms lining the inner regions of their 
respective binding sites, but that the shapes are distinct. 
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Fig. 4 Predicted binding mode for Compound I72 bound within the 
substrate binding channel of ALDH2. 
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ALDH32

 
Fig. 5 Structures of the inhibitors identified as possible hits from the 
computational screening. Compounds 74, 76 and 78 are structural analogs 
that emerged independently from the screening procedure. 
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Fig. 6 IC50 curves for Inhibitors I32,I 72, I74, I76 and I78 on the 
dehydrogenase activity of ALDH2. Note the steeper than usual rise for 
inhibitors 74 and 72. 
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Fig. 7 IC50 curves for Inhibitors I32, I72, I74, I76 and I78 on the 
esterase activity for ALDH2. Note the relative lack of potency for these 
compounds. 
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Fig. 8 Competition for the NAD-catalyzed activation of the esterase activity 
for ALDH2 by I72, I74, I76, and I78. Note that the extent of activation is 
decreased upon increasing concentrations of inhibitors 74 and 76. 
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Fig. 9 Ultraviolet/Visible spectral scans for compounds I72, 
I76 and I78. 
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Fig. 10 The active site of ALDH2 with bound Alda-1 (reference, yellow 
sticks) and daidzin (reference, dark grey sticks) superimposed in the 
substrate-binding channel. The structure displayed was generated using 
PyMoL and the surface displayed represents the accessible surface of the 
substrate site. Atom-type coloring is used to show the molecular properties of 
the site; grey represents carbon atoms, red represents oxygen atoms, blue 
represents nitrogen atoms and yellow represents sulfur atoms. The active site 
residue, Cys 302, forms an adduct with incoming aldehydes during aldehyde 
oxidation, or with incoming esters during ester hydrolysis. 
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