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Abstract The metabolic degradation of aldehydes is

catalyzed by oxidoreductases from which aldehyde dehy-

drogenases (EC 1.2.1) comprise nonspecific or substrate-

specific enzymes. The latter subset is represented, e.g., by

NAD?-dependent aminoaldehyde dehydrogenases (AMA-

DHs; EC 1.2.1.19) oxidizing a group of naturally occurring

x-aminoaldehydes including polyamine oxidation prod-

ucts. Recombinant isoenzymes from pea (PsAMADH1 and

2) and tomato (LeAMADH1 and 2) were subjected to

kinetic measurements with synthetic aldehydes containing

a nitrogenous heterocycle such as pyridinecarbaldehydes

and their halogenated derivatives, (pyridinylmethylamino)-

aldehydes, pyridinyl propanals and aldehydes derived from

purine, 7-deazapurine and pyrimidine to characterize their

substrate specificity and significance of the resulting data

for in vivo reactions. The enzymatic production of the

corresponding carboxylic acids was analyzed by liquid

chromatography coupled to electrospray ionization mass

spectrometry. Although the studied AMADHs are largely

homologous and supposed to have a very similar active site

architecture, significant differences were observed. LeA-

MADH1 displayed the broadest specificity oxidizing

almost all compounds followed by PsAMADH2 and 1. In

contrast, LeAMADH2 accepted only a few compounds as

substrates. Pyridinyl propanals were converted by all iso-

enzymes, usually better than pyridinecarbaldehydes and

aldehydes with fused rings. The Km values for the best

substrates were in the range of 10-5–10-4 M. Neverthe-

less, the catalytic efficiency values (Vmax/Km) reached only

a very small fraction of that with 3-aminopropanal (except

for LeAMADH1 activity with two pyridine-derived com-

pounds). Docking experiments using the crystal structure

of PsAMADH2 were involved to discuss differences in

results with position isomers or alkyl chain homologs.
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Abbreviations

AMADH Aminoaldehyde dehydrogenase

AEAL 2-Aminoethanal

ABAL 4-Aminobutanal

ALDH Aldehyde dehydrogenase

APAL 3-Aminopropanal

BADH Betaine aldehyde dehydrogenase

LeAMADH Tomato (Lycopersicon esculentum)

aminoaldehyde dehydrogenase

Chemical names of all synthetic aldehyde compounds are abbreviated

by acronyms (elucidated directly in the text) ending with a suffix AL.
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LC–MS Liquid chromatography coupled to mass

spectrometry

PsAMADH Pea (Pisum sativum) aminoaldehyde

dehydrogenase

Introduction

Aldehydes are highly reactive organic compounds. There

are three groups of enzymes that catalyze their metabolic

oxidation to the corresponding carboxylic acids: aldehyde

dehydrogenases (ALDHs), aldehyde oxidases and xanthine

oxidases (Panoutsopoulos et al. 2004; Marchitti et al.

2009). Currently, the protein superfamily of ALDHs con-

sists of 24 families, from which for example plant enzymes

are represented in 12 families (Kirch et al. 2004; Wood and

Duff 2009). As expected, ALDH genes are found in vir-

tually all genomes analyzed to date, indicating the bio-

logical significance of these enzymes (Vasiliou and Nebert

2005). Members of the ALDH superfamily catalyze the

oxidation of numerous aldehyde substrates (Sophos and

Vasiliou 2003) and use NAD? or NADP? as electron

acceptors. ALDHs were originally shown to cluster into

two main trunks of the phylogenetic tree (Perozich et al.

1999). The ‘‘class 1/2’’ trunk covers mostly nonspecific

ALDHs including those from ALDH1 (cytosolic) and

ALDH2 (mitochondrial) families classified under EC

number 1.2.1.3. The second trunk (‘‘class 3’’) contains

substrate-specific ALDHs such as benzaldehyde dehydro-

genase (EC 1.2.1.7), betaine aldehyde dehydrogenase

(BADH, EC 1.2.1.8), nonphosphorylating glyceraldehyde

3-phosphate dehydrogenase (EC 1.2.1.9), aminoaldehyde

dehydrogenase (AMADH, EC 1.2.1.19) and antiquitin

(turgor-responsive ALDH, EC 1.2.1.31) (Perozich et al.

1999).

Nonspecific ALDHs (EC 1.2.1.3) convert aliphatic, ali-

cyclic and aromatic aldehydes (Hill and Dickinson 1988;

Klyosov 1996). Human mitochondrial ALDH2 is involved

in the second step of ethanol metabolism (Farrés et al.

1994). Accordingly, ethanal and propanal represent its

efficient substrates. On the other hand, ethanal can hardly

function as the natural substrate for human cytosolic

ALDH1, since its Km far exceeds physiological concen-

trations (Klyosov 1996). An increase in aliphatic aldehyde

chain length (up to C10) substantially decreases the Km

values of human ALDH2 and ALDH1 (Klyosov 1996).

Interestingly, a recombinant ALDH2 from the plant Crat-

erostigma plantagineum showed highest activity with

nonanal (Kirch et al. 2001). Aromatic aldehydes (benzal-

dehydes, cinnamaldehydes, etc.) and fused polycyclic

aldehydes, as well as derivatives of coumarin, quinoline,

indole, and pyridine were recognized as tight-binding slow-

turnover substrates for human ALDH2. Surprisingly, many

of these aromatic compounds weakly inhibit ALDH1

(Klyosov 1996).

Benzaldehyde is also oxidized by a human member of

the cytosolic ALDH3 family (Marchitti et al. 2007). It has

been postulated that ALDH7 gene products are involved in

adaptive metabolic pathways (Kirch et al. 2004). The

human enzyme of this family is expressed in multiple

cellular compartments, where it seems to mediate a pro-

tective role by generating osmolytes (Brocker et al. 2010).

In this way, glycine betaine is formed from betaine alde-

hyde, which is otherwise known as a typical substrate of

BADHs from the ALDH9 family (Chern and Pietruszko

1995). The ability to synthesize and/or accumulate glycine

betaine is a ubiquitous adaptation to osmotic stress (Kirch

et al. 2004). In mammals, ALDH7 is known to play a

primary role in the pipecolic acid pathway of lysine

catabolism catalyzing the oxidative conversion of amino-

adipate semialdehyde to a-aminoadipic acid. Interestingly,

human ALDH7 is able to oxidize benzaldehyde with a

catalytic efficiency of 15% when compared with that for

aminoadipate semialdehyde (Brocker et al. 2010).

Pea seedling aminoaldehyde dehydrogenase isoenzymes

1 and 2 (PsAMADH1 and 2), which belong to the ALDH9

family (according to the novel system by Kirch et al. 2004,

the plant enzymes of this group should be classified within

the ALDH10 family as well as BADHs), have been shown

to oxidize pyridinecarbaldehydes (PCALs) as less efficient

but still good substrates (Tylichová et al. 2010). Never-

theless, the isoenzymes prefer 3-aminopropanal (APAL),

4-aminobutanal (ABAL) and some other x-aminoalde-

hydes as the best substrates indicating a relationship with

polyamine metabolism (Šebela et al. 2000; Tylichová et al.

2010). In this work, PsAMADH1 and PsAMADH2 toge-

ther with their counterparts from tomato (LeAMADH1 and

2) were subjected to an extensive study with synthetic

nitrogenous heterocyclic aldehydes including derivatives of

pyridine, purine, 7-deazapurine, pyrimidine plus several

other compounds. Significant substrate specificity differ-

ences were observed among the studied enzymes. With the

exception of LeAMADH2 that accepts only a few aromatic

aldehydes as substrates, PsAMADH1 and 2 demonstrated

much broader specificity. LeAMADH1 was found to be

efficient with the heterocyclic aldehydes.

Materials and methods

Enzymes

Recombinant PsAMADH1 and PsAMADH2 were prepared

as described previously (Tylichová et al. 2008, 2010). To

obtain recombinant AMADH isoenzymes from tomato, the
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total RNA from apical meristems and leaves of 7-day-old

tomato seedlings (Lycopersicon esculentum cv. Amateur)

was extracted using a Midi spin columns kit (Macherey-

Nagel, Düren, Germany). Then the corresponding cDNA

was synthesized using Superscript II reverse transcriptase

(Invitrogen, Carlsbad, CA, USA). LeAMADH1 ORF

(1,515 bp; EMBL/GenBank accession no. AY796114)

was amplified with synthetic oligonucleotides containing

restriction sites—highlighted in bold—for BamHI (50-CA

GGGATCCGGCAAATCGTAATGTACCA-30; sense pri-

mer) and XhoI (50-CGTCTCGAGCTAATTCTTTGAAG

GTGACTTAT-30; antisense primer). LeAMADH2 ORF

(1,518 bp; EMBL/GenBank accession no. FJ228482) was

amplified using another set of oligonucleotides containing

either EcoRI restriction site (50-CATGAATTCGGCGA

TTCCTAATATACGGAT-30; sense primer), or KpnI

restriction site (50-AGTGGTACCTTACAGCTTTGAAG

GAGACT-30; antisense primer). Expression, cell lysis and

enzyme purification were performed as described for

PsAMADH1 (Tylichová et al. 2008). According to the

actual needs, there was an additional purification step

involving ion-exchange chromatography on a Resource Q

column (GE Healthcare, Uppsala, Sweden) (Tylichová

et al. 2010). Protein identification was done by peptide

mass fingerprinting on a Microflex LRF20 MALDI-TOF

mass spectrometer (Bruker Daltonik, Bremen, Germany)

after SDS-PAGE and tryptic in-gel digestion (Šebela et al.

2006).

Commercial chemicals

Common chemicals and solvents were purchased from

Sigma-Aldrich Chemie (Steinheim, Germany) as well as

starting compounds for chemical syntheses, 3-(methyl-

thio)propanal (Met-S-PAL), 3-(methylthio)butanal and

3-(5-methyl-2-furyl)butanal. The same company provided

2-, 3-and 4-bromobenzaldehyde (2-, 3-, 4-Br-BzAL); 2-,

3- and 4-pyridinecarbaldehyde (2-, 3-, 4-PCAL); 4-pyri-

dinecarbaldehyde N-oxide (4-PCALNO); 2,6-dichloro-4-

pyridinecarbaldehyde (2,6-diCl-4-PCAL); 3,5-dichloro-4-

pyridinecarbaldehyde (3,5-diCl-4-PCAL); 2-bromo-4-pyr-

idinecarbaldehyde (2-Br-4-PCAL) and 3-bromo-4-pyridi-

necarbaldehyde (3-Br-4-PCAL). (2-Pyridinylmethylami-

no)ethanal diethylacetal (2-PMet-AEAL diethylacetal), cat.

no. S414859, and (4-pyridinylmethylamino)ethanal die-

thylacetal (4-PMet-AEAL diethylacetal), cat. no. S364746,

were from Sigma-Aldrich Rare Chemical Library.

Preparation of synthetic compounds

Analytical data to all of the following synthetic compounds

are provided in Supplementary material.

3-(Pyridinyl)-propanals

3-Pyridin-2-yl-propanal (P2PAL), 3-pyridin-3-yl-propanal

(P3PAL) and 3-pyridin-4-yl-propanal (P4PAL) were syn-

thesized according to a published procedure (Mancuso

et al. 1978).

N-(2,2-dimethoxyethyl)-9H-purin-6-amine (Pu-AEAL

dimethylacetal), N-(3,3-diethoxypropyl)-9H-purin-6-amine

(Pu-APAL diethylacetal) and N-(4,4-diethoxybutyl)-9H-

purin-6-amine (Pu-ABAL diethylacetal)

These compounds represent acetals of (9H-purin-6-ylami-

no)-aldehydes, i.e., purine derivatives of 2-aminoethanal

(AEAL), APAL and ABAL. 6-Chloro-9H-purine (229 mg,

1.49 mmol) was dissolved in n-butanol (3 ml) and the cor-

responding dialkoxy-n-alkane-amine (3.0 mmol) was

added. The reaction mixture was refluxed for 1 h (Pu-AEAL

dimethylacetal), 4 h (Pu-APAL diethylacetal) or 9 h (Pu-

ABAL diethylacetal), then evaporated to dryness and ice-

cold water (10 ml) was added. The precipitated material was

collected by suction, washed with ice-cold water and dried.

N-(2,2-dimethoxyethyl)-7H-pyrrolo[2,3-d]pyrimidin-4-

amine (PyrPm-AEAL dimethylacetal), N-(3,3-

diethoxypropyl)-7H-pyrrolo[2,3-d]pyrimidin-4-amine

(PyrPm-APAL diethylacetal) and N-(4,4-diethoxybutyl)-

7H-pyrrolo[2,3-d]pyrimidin-4-amine (PyrPm-ABAL

diethylacetal)

These compounds represent acetals of (7H-pyrrolo[2,3-

d]pyrimidin-4-yl)-aldehydes, i.e., 7-deazapurine deriva-

tives of AEAL, APAL and ABAL. 4-Chloro-7H-pyrrol-

o[2,3-d]pyrimidine (114 mg, 0.75 mmol) was dissolved in

ethanol (3 ml) and the corresponding dialkoxy-n-alkane-

amine (1.5 mmol) was added. The reaction mixture was

refluxed for 6 days (PyrPm-AEAL dimethylacetal) or

2 days (PyrPm-APAL and PyrPm-ABAL diethylacetals),

then evaporated to dryness and the resulting residue was

purified using column chromatography (DAVISIL LC60A

40–60 lm, toluene:acetonitrile:methanol 5:2:1).

N-(2,2-dimethoxyethyl)pyrimidin-2-amine (Pm-AEAL

dimethylacetal), N-(3,3-diethoxypropyl)pyrimidin-2-amine

(Pm-APAL diethylacetal) and N-(4,4-

diethoxybutyl)pyrimidin-2-amine (Pm-ABAL diethylacetal)

These compounds represent acetals of (pyrimidin-2-yla-

mino)-aldehydes—pyrimidine derivatives of AEAL, APAL

and ABAL. 2-Chloropyrimidine (114 mg, 1 mmol) was

dissolved in n-butanol (2 ml) and the corresponding

dialkoxy-n-alkane-amine (2.0 mmol) was added. The

reaction mixture was refluxed for 3 h (Pm-AEAL
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dimethylacetal) or 2 h (Pm-APAL and Pm-ABAL diethy-

lacetals), then evaporated to dryness and the resulting

residue was purified using column chromatography

(DAVISIL LC60A 40–60 lm, toluene:acetonitrile 5:2).

Acetals of (pyridinylmethylamino)-aldehydes

The synthesis utilized a route adapted from the literature

(Sánchez-Sandoval et al. 2003). For example, diethylacetal

of 3-[(pyridin-2-ylmethyl)amino]propanal (2-PMet-APAL

diethylacetal) was synthesized as follows: 3,3-diethox-

ypropane-1-amine (25 mmol) was dissolved in ethanol

(25 ml). 2-Pyridinecarbaldehyde (26.5 mmol) was added

dropwise to the solution and the resulting mixture was

refluxed for 3 h. After cooling to laboratory temperature,

NaBH4 (35 mmol) was slowly added in small portions and

then the mixture was stirred for 16 h. Then distilled water

(50 ml) was added and the resulting solution was extracted

with CH2Cl2 (3 9 50 ml). The combined organic layers

were dried (Na2SO4). A yellow liquid product was obtained

after evaporation of the solvent under reduced pressure in a

yield of 88%. Acetals of the other (pyridinylmethylamino)-

aldehydes were prepared by analogous procedures using

the corresponding dialkoxy-n-alkane-amines and pyridin-

ecarbaldehydes as starting compounds.

Instrumental analyses

LC–MS analyses of synthetic aldehyde compounds and

reaction mixtures (after enzymatic oxidation of selected sub-

strates) were carried out on a UHPLC chromatograph Accela

equipped with a photodiode array detector and connected to a

triple quadrupole mass spectrometer TSQ Quantum Access

(both Thermo Scientific, CA, USA). A Nucleodur� C18

Gravity column (1.8 lm, 2.1 9 50 mm) was used at a flow

rate of 0.8 ml min-1 and thermostated at 30�C (Macherey-

Nagel). Mobile phases were as follows: (A) 10 mM ammo-

nium acetate in water; (B) acetonitrile. There was a linear

gradient from 10 to 80% B in 2.5 min, and then an isocratic

run for 1.5 min. The column was re-equilibrated with 10% of

B for 1 min. The APCI source operated at a discharge current

of 5 lA, a vaporizer temperature of 400�C and a capillary

temperature of 200�C. 1H- and 13C-NMR spectra were

obtained on a Varian UnityPlus (299.89 MHz, 1H) instru-

ment. Measurements were performed at 21�C in DMSO-d6 or

chloroform-d solutions and referenced to the resonance signal

of dimethylsulfoxide or chloroform.

Activity assay, kinetic measurements, protein assay

Enzyme activity was measured spectrophotometrically by

monitoring the formation of NADH (e340 = 6,620 M-1

cm-1) at 23�C (Tylichová et al. 2010). The reaction

mixture in a cuvette contained 0.15 M Tris–HCl buffer, pH

9.0, 0.5 mM NAD? and an appropriate amount of

AMADH. For measurements of relative oxidation rate, the

enzyme reaction was initiated by the addition of APAL (or

another aldehyde) at a final concentration of 1 mM (Tyl-

ichová et al. 2010); for Km and Vmax determinations, sub-

strate concentration varied according to needs. Acetals

were converted to aldehydes by adding calculated amount

of 0.4 M HCl just prior to measurements. Absorbance

values were averaged from three independent experiments.

Kinetic data were evaluated using GraphPad Prism 5.0

software. Proteins were determined by Bradford method

(Bradford 1976) and, for the purified enzymes, using the

following extinction coefficients calculated from the

respective monomer amino acid sequences by ProtParam

tool (http://www.expasy.org/tools/protparam.html): PsA-

MADH1 (e280 = 82,390 M-1 cm-1), PsAMADH2 (e280 =

90,410 M-1 cm-1), LeAMADH1 (e280 = 75,860 M-1

cm-1) and LeAMADH2 (e280 = 94,880 M-1 cm-1).

Docking experiments

The AutoDock 3.0 suite (Morris et al. 1998) was used as a

molecular-docking tool. Semi-flexible protocols were fol-

lowed, in which the target protein (PsAMADH2; PDB

code: 3IWJ) was kept rigid. In contrast, aldehyde ligands

being docked were kept flexible. The graphical user

interface software Triton (Prokop et al. 2008) was

employed to prepare, run, and analyze the docking simu-

lations. Hydrogen atoms were added by WHAT IF (Vriend

1990). For partial atoms charges in the enzyme, the Koll-

man united atom charges were used (Weiner et al. 1984).

All ligands were built in Avogadro 1.0.0 (http://

avogadro.openmolecules.net/). The geometries of the

ligand structures were optimized using the Hartree–Fock

method with a 6-31G(d) basis set as implemented in the

Gaussian 03 program (Frisch et al. 2004). The electro-static

potential fitting (ESP) charges were calculated, and the

RESP procedure of the Antechamber program from the

AMBER suite was used to generate input files for docking

programs (Case et al. 2005; Pearlman et al. 1995). The

rigid roots of each ligand were picked manually, in all

cases the heterocyclic nitrogen atom was set as a rigid

center. To get more useful results, the aldehyde bond in

halogenated PCALs was made nonrotatable. All rotatable

dihedrals in other ligands were allowed to rotate freely.

Grid maps were calculated by AutoGrid 3.0. from the

AutoDock 3.0 suite. The grid box (60 9 60 9 60 Å) was

centered to the substrate channel; grid point spacing was

0.375 Å. Docking calculations were carried out using

Lamarckian genetic algorithm and a maximum of 100

conformers was considered for each compound. The pop-

ulation size was set to 50 and the individuals were
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initialized randomly. The maximum number of energy

evaluations was 5 9 106 and the maximum number of

generations was 27,000. One top individual was allowed to

survive the next generation and the mutation and crossover

rates were set to 0.02 and 0.8, respectively. Step sizes were

2 Å for translations, 50� for quaternions and 50� for tor-

sions. Cluster tolerance was 0.5 Å, external grid energy

1,000.0 and max initial energy 0.0.

Results and discussion

Motivation to this study

This work deals with design, preparation and testing of new

synthetic substrates of plant AMADHs. The enzymes

belong to the superfamily of ALDHs where individual

dimeric or tetrameric proteins share a common overall

folding pattern: each monomeric unit of 50–60 kDa com-

prises a substrate-binding (catalytic) domain, a coenzyme-

binding domain and an oligomerization domain (Gruez

et al. 2004; Tylichová et al. 2010). The active site of plant

AMADHs, which is located between the coenzyme-bind-

ing and catalytic domains, is accessible via a wide (5–8 Å
´

)

and deep (15 Å
´

) funnel passage allowing structurally

diverse aldehydes to penetrate down to the catalytic cys-

teine and bind at this place for the possible catalytic con-

version (Tylichová et al. 2010). That is why an idea came

to mind to study synthetic compounds with heterocyclic

nitrogen atom(s) and an aldehyde group, attached directly

at the heterocycle or situated in a side chain, as potential

substrates. The original motivation stemmed from the

observation that PCALs are oxidized by PsAMADHs

(Tylichová et al. 2010). It is worth mentioning that PCALs

display a structural motif where the nitrogen atom is

positioned toward the aldehyde group at a distance

resembling that in natural x-aminoaldehyde substrates.

The oxidation of 2-, 3- and 4-PCAL by AMADH results in

picolinic, nicotinic and isonicotinic acid, respectively.

These are known as building blocks of more complex

structures, for example tobacco alkaloids, compatible

osmolytes and others (Kaiser et al. 1996; Rhodes and

Hanson 1993). It has been also shown that exogenous

3-PCAL is metabolized to NAD? in mouse (Kaplan et al.

1957). Thus, through the action on nitrogenous heterocy-

clic aldehydes, AMADHs might participate in various

biosynthetic routes.

Experimental setup

Based on their structural features, the studied synthetic

compounds can be divided into a few groups. A majority of

them include a pyridine ring: pyridinecarbaldehydes,

3-(pyridinyl)propanals, (pyridinylmethylamino)-aldehydes,

and halogenderivates of pyridinecarbaldehydes. The other

aldehyde compounds were derivatives of purine, 7-dea-

zapurine or pyrimidine. Finally we also tested several

aldehydes without heterocyclic nitrogen—methylthioalde-

hydes and a methylfurylaldehyde, which formally resemble

natural x-aminoaldehyde substrates of plant AMADHs.

Chemical formulas of selected substances and the corre-

sponding abbreviations are shown in Figs. 1 and 2.

3-(Pyridinyl)propanals were synthesized from 3-(pyrid-

inyl)propanols using the Swern reaction with oxalyl chlo-

ride, dimethyl sulfoxide and triethylamine (Mancuso et al.

1978). Acetals of purine-, 7-deazapurine- and pyrimidine-

derived aldehydes were obtained by a standard nucleophilic

substitution: 6-chloropurine, 6-chloro-7-deazapurine, and

2-chloropyrimidine, respectively, were reacted with

dialkoxy-n-alkane-amines (acetals of C2–C4 x-aminoal-

dehydes) of desired length. Finally, acetals of (pyridi-

nylmethylamino)-aldehydes were synthesized by a

reductive amination from pyridinecarbaldehydes and ace-

tals of C2–C4 x-aminoaldehydes. All synthetic compounds

were checked for purity (Supplementary material) by

instrumental analysis prior to their testing in enzymatic

reactions. The experimental set of plant AMADHs con-

sisted of pea isoenzymes (PsAMADH1 and 2) and tomato

isoenzymes (LeAMADH1 and 2). Biochemical properties

R = 
CHO (2-PCAL)
CH2CH2CHO (P2PAL)
CH2NHCH2CHO (2-PMet-AEAL)

R = 
CHO (3-PCAL)
CH2CH2CHO (P3PAL)

R = 
CHO (4-PCAL)
CH2CH2CHO (P4PAL)
CH2NHCH2CHO (4-PMet-AEAL)
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Fig. 1 Nitrogeneous heterocyclic aldehydes I. Chemical formulas of

the studied pyridine-derived aldehydes were drawn using Accelrys

Draw 4.0
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of pea AMADHs have already been reported in detail

(Tylichová et al. 2010). LeAMADH1 and 2 were obtained

by recombinant expression in a parallel project (details on

their biochemical characterization will be published else-

where). Kinetic analysis of the tomato enzymes with natural

substrates indicated a significant difference in substrate

specificity, when LeAMADH2, contrary to LeAMADH1,

preferred markedly APAL to ABAL as the best substrate

(Kopečný et al. unpublished results).

Evaluation of substrate properties of the synthetic

compounds

First attempts to demonstrate substrate properties of the

synthetic compounds relied on measurements of relative

reaction rates at an expected saturating concentration of

1 mM in the reaction mixture. PCALs and PCALNO were

oxidized by PsAMADHs only moderately and no con-

sumption of the compounds was observed with LeA-

MADH2. On the other hand, they were found as very good

substrates of LeAMADH1 with relative rate values

between 28 and 84% of that with APAL as the best natural

substrate (Table 1). 4-PCAL derivatives with 2- and 2,6-

halogen substitution served as good substrates, while

4-PCAL derivatives with 3- or 3,5-halogen substituents

were not oxidized at all. The measured relative rates were

higher for the conversion by PsAMADH1 and LeA-

MADH1 than for the reactions of PsAMADH2 and LeA-

MADH2. All three3-(pyridinyl)propanals, higher homologs

of PCALs resembling natural x-aminoaldehydes by their

R = 
CH2CHO (Pu-AEAL) 
CH2CH2CHO (Pu-APAL)
CH2CH2CH2CHO (Pu-ABAL)

R = 
CH2CHO (PyrPm-AEAL)
CH2CH2CHO (PyrPm-APAL)
CH2CH2CH2CHO (PyrPm-ABAL)

R = 
CH2CHO (Pm-AEAL)
CH2CH2CHO (Pm-APAL)
CH2CH2CH2CHO (Pm-ABAL)

R

NH

N

N

R
NH

N

N

N
H

N

R
NH

N
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Fig. 2 Nitrogenous heterocyclic aldehydes II. Chemical formulas of

the studied purine-, 7-deazapurine- and pyrimidine-derived aldehydes

were drawn using Accelrys Draw 4.0

Table 1 Substrate specificity of

PsAMADHs and LeAMADHs

toward pyridine-derived

aldehydes

Activities with substrates at

1 mM final concentration were

measured in 0.15 M Tris–HCl

buffer, pH 9.0, at 23�C. NAD?

concentration in the reaction

mixture was 0.5 mM. The rate

of APAL oxidation was

arbitrarily taken as 100%. The

symbol ‘‘–’’ indicates no

substrate properties

The relative reaction rates

toward APAL conversion

appear in the range of 1–3%
a Propanal itself represents a

weak substrate of PsAMADHs

(Tylichová et al. 2010) and

LeAMADHs

Substrate Relative reaction rate (%)

PsAMADH1 PsAMADH2 LeAMADH1 LeAMADH2

Pyridinecarbaldehydes

2-PCAL 1 2 28 –

3-PCAL 1 4 84 –

4-PCAL 3 2 73 –

4-PCALNO – 1 41 –

3-Br-4-PCAL – – – –

3,5-diCl-4-PCAL – – – –

2-Br-4-PCAL 28 3 60 2

2,6-diCl-4-PCAL 52 12 40 6

3-(Pyridinyl)propanalsa

P2PAL 3 35 52 4

P3PAL 26 11 127 4

P4PAL 25 34 91 19

(Pyridinylmethylamino)-aldehydes

2-PMet-AEAL – – – –

4-PMet-AEAL – 2 50 –

2-PMet-APAL – – 12 –

3-PMet-APAL – – 10 –

4-PMet-APAL – – 16 –

2-PMet-ABAL 29 25 88 38

3-PMet-ABAL 27 25 89 14

4-PMet-ABAL 25 29 85 15
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aliphatic chain and the presence of positively charged

nitrogen atom, were found very good substrates. The

highest relative rates of their oxidation were observed with

LeAMADH1. Using this enzyme, the relative reaction rate

with P3PAL was surprisingly higher than with APAL itself.

2-PMet-AEAL was not oxidized at all, but its isomer

4-PMet-AEAL was converted by PsAMADH2 and partic-

ularly by LeAMADH1. All three position isomers of PMet-

ABAL were oxidized well by all involved isoenzymes

whereas PMet-APALs were converted only by LeA-

MADH1 at relative rates of 10–20% toward APAL oxi-

dation (Table 1).

(9H-Purin-6-ylamino)-aldehydes (Pu-AEAL, Pu-APAL

and Pu-ABAL) as well as (7H-pyrrolo[2,3-d]pyrimidin-4-

ylamino)-aldehydes (PyrPm-AEAL, PyrPm-APAL and

PyrPm-ABAL) exhibited diverse substrate properties

(Table 2). LeAMADH2 did not accept the bicyclic com-

pounds as substrates with the exception of a weak oxida-

tion of Pu-AEAL. In contrast, LeAMADH1 oxidized all

purinyl and deazapurinyl aminoaldehydes as effective

substrates, only the relative reaction rate for the oxidation

of Pu-APAL was below 10% when compared with the

oxidation of the natural substrate APAL (Table 2).

PsAMADH1 and 2 showed only restricted substrate pref-

erences toward the purine and deazapurine derivatives.

They slowly oxidized Pu-AEAL and PyrPm-ABAL, PsA-

MADH1 additionally converted Pu-ABAL. LeAMADH1

oxidized two of the analyzed (pyrimidin-2-ylamino)-alde-

hydes, i.e., Pm-AEAL and Pm-APAL. PsAMADH1 and

PsAMADH2 showed activity only in exceptional cases

(Table 2). Interestingly, Pm-ABAL was not a substrate of

the studied enzymes.

To get further clues to understanding differences in

substrate specificity of plant AMADHs, we also evaluated

substrate properties of aldehydes containing a thioether

group or a heterocyclic oxygen atom as well as the possible

conversion of bromobenzaldehydes (structural analogs of

the halogenated pyridinecarbaldehydes). 3-(Methyl-

thio)propanal, a sulfur-containing analog of the natural

aminoaldehyde substrates, was found the best substrate

from this miscellaneous collection. The highest relative

rate (77%) was observed with LeAMADH1, the other

isoenzymes provided relative reaction rate values between

10 and 26%. 3-(Methylthio)butanal was oxidized only

negligibly by PsAMADH1 and LeAMADH1, 4-(5-meth-

ylfur-2-yl)butanal was not a substrate. From the three

Table 2 Substrate specificity of PsAMADHs and LeAMADHs toward aldehydes derived from purine, 7-deazapurine and pyrimidine and some

other compounds

Substrate Relative reaction rate (%)

PsAMADH1 PsAMADH2 LeAMADH1 LeAMADH2

(9H-Purin-6-ylamino)-aldehydes

Pu-AEAL 7 6 30 2

Pu-APAL – – 4 –

Pu-ABAL 3 – 20 –

(7H-Pyrrolo[2,3-d]pyrimidin-4-ylamino)-aldehydes

PyrPm-AEAL – – 10 –

PyrPm-APAL – – 23 –

PyrPm-ABAL 7 8 57 –

(Pyrimidin-2-ylamino)-aldehydes

Pm-AEAL – 3 10 –

Pm-APAL 2 – 7 –

Pm-ABAL – – – –

Bromobenzaldehydesa

2-Br-BzAL – – – –

3-Br-BzAL 0.7 1.2 4 1

4-Br-BzAL 0.2 0.3 3 –

Methylthioaldehydes

Met-S-PAL 26 19 77 10

Met-S-BAL 1 – 2 –

Activities with substrates at 1 mM final concentration were measured in 0.15 M Tris–HCl buffer, pH 9.0, at 23�C. NAD? concentration in the

reaction mixture was 0.5 mM. The rate of APAL oxidation was arbitrarily taken as 100%. The symbol ‘‘–’’indicates no substrate properties
a Benzaldehyde itself is not oxidized at all by PsAMADH isoenzymes (Tylichová et al. 2010). In the case of LeAMADH2, zero activity was

measured as well. Only LeAMADH1 accepts benzaldehyde as a weak substrate (the relative reaction rate toward APAL conversion is 3.4%)
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isomers of bromobenzaldehyde, 3-Br-BzAL and 4-Br-

BzaL were only moderately oxidized by LeAMADH1

(Table 2).

Determination of kinetic parameters Km and Vmax

For those substrates which were oxidized with relative

rates reaching several per cents of that with APAL as a

natural reference substrate, the fundamental kinetic

parameters Km and Vmax were determined. As LeAMADH2

oxidized only a limited amount of the studied compounds

and PsAMADH1 resembled the observed substrate pref-

erence of PsAMADH2 in a majority of reactions, the

kinetic parameters were determined especially with PsA-

MADH2 and LeAMADH1 (only some supplementary Km

and Vmax data were measured with PsAMADH1 and

LeAMADH2). In the case of LeAMADH1, the measured

Vmax values reached from 10 to 60% of that with APAL as

a reference substrate with the exception of Br-BzALs

(around 1%); for PsAMADH2 it was from 5 to 40% except

for 3-Br-BzAL, a majority of PCALs and 4-PMet-AEAL

(all around 1%); see Table 3.

As regards to pyridine-derived aldehydes, the observed

Km values of PsAMADH2 (usually\100 lM) were mostly

lower than their counterparts measured with LeAMADH1,

or comparable (Table 3). Interestingly, in the case of

3-PCAL, 4-PMet-AEAL and 4-PMet-ABAL, the measured

Km values were of about 0.7 Mm, i.e., higher than those of

LeAMADH1 (0.2–0.4 mM). On the other hand, the Km

values of LeAMADH1 generally appeared on the level of

0.1 mM except for those referring to the oxidation of

4-PCAL (19 lM) and 2-Br-4-PCAL (69 lM). In the first

case, the Km value was lower than the corresponding result

with PsAMADH2 (Table 4).

In the case of PsAMADH1, we obtained relatively low

Km values of about 20 lM for both 3-PCAL and 4-PCAL.

The Km and Vmax values (in parentheses) of PsAMADH1

for 2,6-diCl-4-PCAL and 2-Br-4-PCAL were 87 lM

(24 nmol s-1 mg-1) and 12 lM (17 nmol s-1 mg-1),

respectively. It is worth mentioning that the ratio Vmax/Km

for 2-Br-4-PCAL and PsAMADH1 resembled that for the

natural substrate APAL. The Km values of LeAMADH2 for

PCALs were between 150 and 350 lM. For 2,6-diCl-4-

PCAL and 2-Br-4-PCAL, lower values of 38 and 25 lM,

respectively, were measured. The binding of the position

isomers of PMet-ABAL to LeAMADH1 and PsAMADH2

was reflected in relatively high Km values of 0.2–0.8 mM.

A very low Km value of 3.2 lM of LeAMADH1 was

determined for the oxidation of 4-Br-BzAL (Table 4). In

the case of the oxidation of bicyclic aldehydes by

Table 3 Kinetic parameters of PsAMADH2 and LeAMADH1 for the oxidation of pyridine-derived aldehydes

Substrate PsAMADH2 LeAMADH1

Km Vmax Vmax/Km Km Vmax Vmax/Km

Reference substrate

APAL 12 ± 1.2 179 ± 5.1 1 20 ± 3.3 167 ± 12.2 1

Pyridinecarbaldehydes

2-PCAL 77 ± 5.2 2.1 ± 0.03 0.002 187 ± 11.2 18 ± 0.4 0.012

3-PCAL 754 ± 32.4 7.8 ± 0.13 0.001 238 ± 21.6 52 ± 1.7 0.026

4-PCAL 33 ± 2.3 2.1 ± 0.04 0.004 19 ± 1.3 59 ± 1.2 0.372

4-PCALNO 55 ± 3.1 0.8 ± 0.01 0.001 356 ± 29.1 30 ± 0.9 0.010

2,6-diCl-4-PCAL 28 ± 0.5 15 ± 0.5 0.036 162 ± 14.8 36 ± 1.4 0.027

2-Br-4-PCAL 32 ± 1.7 3.6 ± 1.72 0.008 69 ± 7.1 65 ± 2.7 0.113

3-(Pyridinyl)propanals

P2PAL 171 ± 10.9 42 ± 0.9 0.016 161 ± 12.2 33 ± 0.8 0.025

P3PAL 87 ± 8.0 22 ± 0.8 0.017 129 ± 7.1 94 ± 2.0 0.087

P4PAL 29 ± 2.1 70 ± 1.3 0.162 146 ± 9.2 68 ± 1.8 0.056

(Pyridinylmethylamino)-aldehydes

4-PMet-AEAL 761 ± 59.4 3.4 ± 0.10 0.0003 238 ± 9.7 34 ± 0.5 0.017

2-PMet-ABAL 401 ± 38.9 25 ± 1.0 0.004 390 ± 30.4 52 ± 1.7 0.016

3-PMet-ABAL 289 ± 16.4 27 ± 0.6 0.006 294 ± 16.2 75 ± 1.6 0.031

4-PMet-ABAL 679 ± 69.3 40 ± 2.8 0.004 385 ± 28.9 44 ± 1.3 0.014

Activities were measured in 0.15 M Tris–HCl buffer, pH 9.0, at 23�C. A saturating NAD? concentration of 0.5 mM was used. Km and Vmax

values (shown in lM and nmol s-1 mg-1, respectively) were calculated from the Lineweaver–Burk and Eadie–Scatchard plots of initial rates as

arithmetic means of values from both plots. Vmax/Km ratios are provided as relative values toward that for APAL, which was set arbitrarily equal

to 1

1196 J. Frömmel et al.

123



LeAMADH1, the Km values were around 400 lM for

purine-derived aldehydes and over 1 mM for 7-deazapu-

rine-derived aldehydes. PsAMADH1 oxidized PyrPm-

ABAL with a Km value of 280 lM and PsAMADH2

oxidized Pu-AEAL providing a Km value of 755 lM.

3-Methylthiopropanal was oxidized by all four studied

AMADH isoenzymes providing Km values between 10 and

50 lM. The highest value of 44 lM was determined for its

oxidation by PsAMADH2, for LeAMADH1 the Km value was

29 lM (Table 4). The Vmax/Km ratios presented in Tables 3

and 4 clearly show that only some pyridine-derived aldehydes

can be considered good substrates of pea and tomato AMA-

DHs. The other oxidized compounds should be referred to as

weak substrates. Examples of Vmax and Km determination

from the measured data are provided in Fig. 3.

Analysis of the reaction mixture by LC–MS

During oxidation of an x-aminoaldehyde substrate in

AMADH reaction, the release of the corresponding x-

amino acid is accompanied by the formation of NADH.

There are two ways for analyzing the possible substrate

properties of an aldehyde compound toward AMADH. In

the above text, the described kinetic parameters were

measured by monitoring the changes in NADH absorption

at 340 nm (the well-known optical test for NAD?-depen-

dent dehydrogenases by Warburg and Christian 1943). The

second possibility is based on a direct measurement of

carboxylic acid in the reaction mixture, which appears as a

product along with NADH. Due to its unparalleled speed,

sensitivity, specificity and ease of use, mass spectrometry

has emerged as a powerful tool for identifying organic

compounds (Crews et al. 2010). Solutions of the studied

aldehydes made in a mass-spectrometry compatible buffer

(ammonium bicarbonate) were incubated with the enzyme

and then subjected to ultrafiltration (10-kDa-cutoff Mi-

crocon centrifugation cartridges by Millipore, Bedford,

MA, USA) for obtaining a protein-free filtrate. The filtrate

was then separated by LC–MS (see ‘‘Materials and meth-

ods’’ for details). Pyridinecarboxylates were previously

demonstrated as products in the individual reaction mix-

tures of PsAMADH2 and the three position isomers of

pyridinecarbaldehydes. In that case, however, no separa-

tion was involved and the samples were directly introduced

into the mass spectrometer (Tylichová et al. 2010). Fig-

ure 4 shows the LC–MS analysis of the reaction mixture of

LeAMADH1 and Pu-ABAL. 4-(9H-Purin-6-ylamino)-

butyric acid was eluted at 0.98 min (m/z 222 and m/z 204—

neutral loss of water; [M?H]?) in contrast to the aldehyde

at 2.23 min (m/z 206, not shown; [M?H]?). (Pyridinylm-

ethyl)-aminobutyric acids (m/z 195 and m/z 177—neutral

loss of water; [M?H]?) were demonstrated as products of

the enzymatic oxidation of PMet-ABALs. 2,6-diCl-4-

PCAL was oxidized to 2,6-dichloroisonicotinic acid (m/

z 193; [M?H]?). Similarly, the expected oxidation prod-

ucts of Met-S-PAL, P3PAL, Pu-AEAL and PyrPm-ABAL

were detected by peaks with m/z 121, 152, 194 and 221,

respectively.

Docking of substrates into the active site

of PsAMADH2

As there is the crystal structure of PsAMADH2 available

(Tylichová et al. 2010), docking experiments were

Table 4 Kinetic parameters of PsAMADH2 and LeAMADH1 for the oxidation of some other substrates

Substrate PsAMADH2 LeAMADH1

Km Vmax Vmax/Km Km Vmax Vmax/Km

Reference substrate

APAL 12 ± 1.2 179 ± 5.1 1 20 ± 3.3 167 ± 12.2 1

Bromobenzaldehydes

3-Br-BzAL 13 ± 0.9 1.16 ± 0.020 0.006 69 ± 6.3 2.3 ± 0.07 0.004

4-Br-BzAL ND ND ND 3.2 ± 0.18 1.3 ± 0.04 0.049

Purine- and 7-deazapurine-derived aldehydes

Pu-AEAL 755 ± 55.2 9.6 ± 0.4 0.0009 379 ± 22.8 21 ± 0.5 0.007

Pu-ABAL ND ND ND 482 ± 25.2 14 ± 0.3 0.004

PyrPm-APAL ND ND ND 1,023 ± 68.9 24 ± 0.8 0.003

PyrPm-ABAL ND ND ND 1,245 ± 92.1 65 ± 2.9 0.006

Methylthioaldehydes

Met-S-PAL 44 ± 3.4 21 ± 0.4 0.032 29 ± 1.2 43 ± 0.4 0.178

Activities were measured in 0.15 M Tris–HCl buffer, pH 9.0, at 23�C. A saturating NAD? concentration of 0.5 mM was used. Km and Vmax

values (shown in lM and nmol s-1 mg-1, respectively) were calculated from the Lineweaver–Burk and Eadie–Scatchard plots of initial rates as

arithmetic means of values from both plots. Vmax/Km ratios are provided as relative values toward that for APAL, which was set arbitrarily equal

to 1. The abbreviation ND stands for ‘‘not determined’’ and refers to those cases, where activity was too low to measure the kinetic parameters
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involved to look closer at the interactions of PsAMADH2

and halogenated 4-pyridinecarbaldehydes or (pyridinylm-

ethylamino)-aldehydes. The kinetic results obtained with

these compounds revealed significant differences related to

the position of the halogen substituent and the length and

position of the aldehyde side chain, respectively, at the

pyridine ring. Only 2- or 2,6-halogen derivatives of

4-PCAL were found substrates of the studied enzymes,

whereas the corresponding 3- or 3,5-halogen derivatives

were not oxidized at all. Figure 5 shows the docking results

for 2,6-diCl-4-PCAL and 3,5-diCl-4-PCAL. The simulated

binding provided a rotated position of the pyridine ring in

3,5-diCl-4-PCAL toward that of 2,6-diCl-4-PCAL. In

consequence, the distance between the carbon atom in the

ligand carbonyl group and Cys 294 sulfur increased from

3.6 Å in the case of 2,6-diCl-4-PCAL to 4.9 Å in the case

of 3,5-diCl-4-PCAL. A comparison of the docking results

for 4-PMet-ABAL, 2-PMet-ABAL, 4-PMet-APAL and

2-PMet-APAL indicated a similar binding simulation with

the carbonyl group guided to the catalytic Cys294 of

PsAMADH2 (Fig. 6). The distance between the carbon

atom in the ligand carbonyl group and Cys 294 sulfur

increased from 3.8 Å in the case of both PMet-ABALs to

5.0 and 5.1 Å in the case of 2-PMet-APAL and 4-PMet-

APAL, respectively. The docking studies demonstrated that

despite binding of a pyridine-derived aldehyde compound

at the active site, substituents on the heterocycle and the

length of the attached aliphatic chain carrying the aldehyde

group may result in a binding mode which obstructs the

productive interaction with the catalytic thiol.

Structural clues to substrate specificity of plant AMA-

DHs have recently been investigated using site-directed

mutagenesis (Kopečný et al. 2011). The enzymes possess a

substrate channel with acidic amino acid residues at the

entrance and aromatic amino acid residues in the interior

(Tylichová et al. 2010). The acidic residues are essential

for both the activity and affinity of the enzymes to x-

aminoaldehydes: PsAMADH2 turns into a nonspecific

aldehyde dehydrogenase with capronaldehyde as the best

substrate upon triple mutation E106A?D110A?D113A.

The aromatic residues (Y163, W170 and W288 in PsA-

MADH2) contribute to an appropriate orientation of the
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0

2

4

6

8

10

[S] (µmol l -1)

v
0 

(n
m

o
l s

-1
 m

g-1
)

3-PMet-ABAL, PsAMADH2

0

5

10

15

20

0

[S] (µmol l -1)

v
0 

(n
m

o
l s

-1
 m

g-1
)

P2PAL, LeAMADH2

0

2

4

6

8

10

12

[S] (µmol l -1)

v
0 

(n
m

o
l s

-1
 m

g-1
)

4-Br-BzAL, LeAMADH1

0

0.2

0.4

0.6

0.8

1

1.2

[S] (µmol l -1)

v
0 

(n
m

o
l s

-1
 m

g-1
)

v0
-1 = 1,49 [S] -1 + 0,0972

R² = 0,996

0

0.1

0.2

0.3

0.4

[S]-1  (µmol -1 l)
v

0-1
 (

n
m

o
l-1

 s
 m

g
) v0

-1  = 9,45 [S]-1 + 0,0415
R² = 0,978

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

[S]-1  (µmol -1 l)

v
0-1

 (
n

m
o

l-1
 s

 m
g

)

v0
-1 = 2,81 [S] -1 + 0,756

R² = 0,987

0

0.5

1

1.5

2

2.5

3

[S]-1  (µmol -1 l)

v
0-1

 (
n

m
o

l-1
 s

 m
g

)v0
-1  = 21,5 [S]-1 + 0,0730

R² = 0,997

0

0.2

0.4

0.6

0.8

1

1.2

0 200 400 600 800 1000 500 1000 1500 2000

0 500 1000 15000 50 100 150 200

-0.1 -0.05 0 0.05 0.1 0.15 0.2 -0.005 -0.0025 0 0.0025 0.005 0.0075 0.01

-0.4 -0.2 0 0.2 0.4 0.6 0.8-0.01 0 0.01 0.02 0.03 0.04 0.05

[S]-1  (µmol -1 l)

v
0-1

 (
n

m
o

l-1
 s

 m
g

)

a b

dc

Fig. 3 Substrate properties of the studied compounds. There are

selected saturation curves from kinetic measurements shown with the

corresponding Lineveaver–Burk plots (in the insets); symbols on

axes: vo, initial velocity; [S], substrate concentration. Enzyme activity

was assayed spectrophotometrically by monitoring the formation of

NADH at 23�C. The reaction proceeded in 0.15 M Tris–HCl buffer,

pH 9.0: a oxidation of 3-(methylthio)propanal (Met-S-PAL) by

PsAMADH1; b oxidation of 4-[(pyridin-3-ylmethyl)amino]butanal

(3-PMet-ABAL) by PsAMADH2; c oxidation of 4-bromobenzalde-

hyde (4-Br-BzAL) by LeAMADH1; d oxidation of 3-pyridin-2-yl-

propanal (P2PAL) by LeAMADH2
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substrate toward the catalytic cysteine (Kopečný et al.

2011). The residue W109 in PsAMADH2, which divides

the upper funnel-shaped domain of the substrate channel

into two halves (Tylichová et al. 2010), is replaced by

alanine in PsAMADH1 and LeAMADH1 and serine in

LeAMADH2. Such a substitution does not influence

kinetic properties as demonstrated by measurements with

W109A mutant of PsAMADH2 (Kopečný et al. 2011).

However, when it is accompanied by an additional sub-

stitution of W288 to A288 like in the case of LeAMADH1,

the substrate channel becomes larger and thus more

accessible for bulkier substrates (e.g., purine- and 7-dea-

zapurine-derived aldehydes described in this study). The

presence of F288 instead of W288 in PsAMADH1

increases the cavity diameter to a smaller extent. In con-

sequence, the difference in substrate specificity between

PsAMADH1 and PsAMADH2 is less pronounced than that

between PsAMADH2 and LeAMADH1.

Conclusions

AMADHs have long been known as enzymes that oxidize

x-aminoaldehydes. However, recently published studies

have shown that they appear to have rather broad substrate

specificity including also aldehydes with n-alkyl chains as

well as certain nitrogenous heterocyclic aldehydes (Gruez

et al. 2004; Tylichová et al. 2010). We provide further

evidence to support the knowledge of less-specific char-

acter of the enzymes. There are four main findings that

result from the present study. Firstly, plant AMADHs are

able to oxidize aldehydes derived from pyridine, purine,

7-deazapurine and pyrimidine. In addition, some halog-

enderivatives of pyridinecarbaldehydes are also converted.

When compared with the conversion of aromatic and aro-

matic heterocyclic aldehydes by human mitochondrial

ALDH2 (Klyosov 1996), their binding at the active site is

much weaker as documented by the results of experimental

determination of Michaelis constants. For example, the

affinity of human ALDH2 to 3-PCAL is characterized by a

Km value of 2 lM, whereas PsAMADH2 and LeAMADH1

shows Km values higher by one or two orders of magnitude.

Based on the determined catalytic efficiency values, only a

very few compounds from the studied collection can be

considered good substrates. Secondly, due to their rela-

tively high Km values (in comparison with the
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Fig. 4 LC–MS of the reaction mixture containing LeAMADH1 and

4-(9H-purin-6-ylamino)butanal (Pu-ABAL). The reaction mixture in

a total volume of 2 ml contained 100 mM NH4HCO3, 1.5 mM

NAD?, 1 mM substrate and 100 lg of recombinant LeAMADH1. On

mixing the components, it was incubated overnight at 23�C. Main
panel liquid chromatographic separation of the reaction mixture on a

Nucleodur� C18 Gravity column. Inset a mass spectrum of the

fraction eluted in the retention time interval 0.95–1.07 min with two

dominants peaks—m/z 222 refers to a pseudomolecular ion [M?H]?

of 4-(9H-purin-6-ylamino)butyric acid, m/z 204 then indicates a

neutral loss of water from the compound. The fraction eluted in the

retention time interval 2.21–2.27 min provided a mass spectrum

consistent with unreacted 4-(9H-purin-6-ylamino)butanal, i.e., Pu-

ABAL (a pseudomolecular ion with m/z 206; not shown)
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Fig. 5 Docking of dichloro-pyridinecarbaldehydes into the active

site of PsAMADH2. The docked molecules of 2,6-dichloropyridine-4-

pyridinecarbaldehyde (2,6-diCl-4-PCAL) and 3,5-dichloro-4-pyridi-

necarbaldehyde (3,5-diCl-4-PCAL) are superposed for comparison.

Carbon atoms of 2,6-diCl-4-PCAL and 3,5-diCl-4-PCAL are colored

in turquoise blue and magenta, respectively, oxygen atoms are in red,

nitrogen atoms in blue and chlorine atoms in green. Active-site

residues of PsAMADH2 (PDB: 3IWJ) are labeled and depicted in

atom-coded colors. Black arrows indicate the calculated distance

between the carbon atom in the ligand carbonyl group and sulfur atom

of the catalytic C294, which is 3.6 and 4.9 Å for 2,6-diCl-4-PCAL

and 3,5-diCl-4-PCAL, respectively. Substrate channel surface was

calculated using Hollow (Ho and Gruswitz 2008). Docking was

performed using Autodock 3.0 (Morris et al. 1998); structures were

drawn by PyMOL 1.2 (DeLano 2002) (color figure online)
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physiological substrate APAL), nitrogenous heterocyclic

compounds probably cannot represent substrates under in

vivo conditions, nevertheless they might be efficiently

converted at high concentration levels contributing in this

way to the detoxifying role of AMADHs in the cell.

Thirdly, substrate properties toward plant AMADHs of

nitrogenous heterocyclic aldehydes are significantly

dependent on the ring substitution pattern or the length of

the aldehyde side chain. It has been described that o-

benzaldehydes and 2-substituted naphthaldehydes are

worse substrates of human ALDH2 than their isomers with

a substitution at more distant positions toward the aldehyde

group (Klyosov 1996). Similar observations were made

also in this work, e.g., for 4-PCAL derivatives with halo-

gen atom substitutions. Finally, we demonstrated that plant

AMADH isoenzymes may show a big divergence with

respect to their substrate specificity. This is not surprising

for an interspecific comparison of AMADHs like in the

case of pea and tomato but surprises at the level of a single

species (e.g., LeAMADH1 vs. LeAMADH2). Such diver-

sity might be helpful for selecting proper isoenzyme can-

didates applicable to organic synthesis or as a

biorecognition element in analytical devices (e.g., biosen-

sors for the determination of aminoaldehydes and alde-

hydes in food, drinks and other biological samples). In

plant biotechnology, transgenic plants overexpressing

aldehyde dehydrogenase genes are studied with the aim of

improving stress tolerance by metabolizing toxic aldehydes

(Sunkar et al. 2003).
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