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Kinetics and Specificity of Human Liver Aldehyde Dehydrogenases toward
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ABSTRACT. Human mitochondrial aldehyde dehydrogenase (ALDH-2) his, for acetaldehyde that is
900-fold lower than that for the cytosolic isozyme, ALDH-1. An increase in aliphatic aldehyde chain
length decreases the ALDHK, by up to 10-fold but decreases that of ALDH-1 by 5 orders of magnitude.

As a consequence, th&, of ALDH-1 for decanal is 8 times lower than that of ALDH-2, i.e. 2t90.4

and 22+ 3 nM, respectively. Determination of these Id& values required kinetic analysis of the
simultaneous enzymatic conversion of two aldehyde substrates, an approach also applied to aromatic and
fused polycyclic aldehydes. For most of these substrates, maximum velocities- 40 fimes lower

than those for acetaldehyde. Addition of one of these tight-binding, slow-turnover substrates to a reaction
mixture containing ALDH, NAD, and a “reference” aldehyde substrate (e.g. acetaldehyde) blocks the
principal (reference) enzymatic reaction temporarily and reversibly. Once the first substrate is converted
to product, the enzyme can act on the reference substrate. In terms of apparent affinity and blocking
capacity, naphthalene and phenanthrene aldehydes were the most potent effectors. Other aromatic and
fused polycyclic and heterocyclic aldehydes, as well as derivatives of coumarin, quinoline, indole, and
pyridine, are tight-binding, slow-turnover substrates for ALDH-2 and relatively weak inhibitors of ALDH-

1. The hydrophobicity of substituents of benzaldehydes, and particularly of naphthaldehydes, correlates
with their binding constants toward ALDH-2. Vitamin Al aldehydes are specific natural substrates for
ALDH-1; at pH 7.5, forall-trans and 13eis-retinal, K, = 1.1 and 0.37%M, respectively, and.a/Kn is

50—100 times higher than that for acetaldehyde. At the same time, the retinals are inhibitors of ALDH-
2, all-transretinal being a particularly potent inhibitor (competitite = 43 nM, noncompetitive; =

316 nM). These properties suggest thtitransretinal is a possible regulatory compound for ALDH-2

in vivo. The data in general point to specialized roles for both major human liver ALDH isozymes in the
oxidation of bulky/hydrophobic natural compounds, with values in the low nanomolar range.

The physiological roles of alcohol (ADH) and aldehyde Herrera, 1990; Rashkovetsky et al., 1994).
dehydrogenase (ALDH)remain ambiguous. Ethanol and Few quantitative data for thi€, values of aromatic and

acetaldehyde are thought to be their primary substrates, bufiong chain aliphatic aldehyde substrates of ALDH have been
neither of these enzymes nor any of their isozymes seem Orgported (Pietruszko, 1989; Ambroziak & Pietruszko, 1991).

be particularly specific for them. Indeed, NABinked This is no doubt due to the fact that su¢h values are below
ALDHs (EC 1.2.1.3) catalyze the oxidation of a wide variety 0.5-1.0 uM (Ambroziak & Pietruszko, 1991) and cannot

of aldehydes, but acetaldehyde has been thought to be thg,e yetermined readily by conventional kinetic methods.

only one of physiological significance (Ambroziak & Pi- = gjmijarly. benzaldehyde, cinnamaldehyde, and a few of their

etruszko,_ 19.91)' V_\/hile the major ALDH _isozymes of derivatives have been reported to be substrates for mam-
mammalian liver oxidize acetaldehyde readily, they do so malian liver ALDHs (Pietruszko, 1989) but witki, values

with strikingly differentK., values. Acetaldehyde can hardly e

be the natural substrate for human cytosolic ALDH, since too low to allow accurate determinatior:Q.1 «M). o
its Ko, 180 4M, far exceeds physiological concentrations, ~We have employed an approach to the determination of
typically 0.4-2.5 uM (Lieber, 1988; Hatake et al., 1990; kinetic constants of ALDH-catalyzed oxidation of tight-
Inoue et al., 1984; Harada et al., 1981). Indeed, the binding substrates that allows the identification of important
preceding paper shows that, to compensate for such aStructural elements involved in specificity and should aid in
difference inKy, relative to the physiological acetaldehyde the recognition of specific native ALDH substrates.
concentration, the amount of cytosolic ALDH in the liver

should be 106300 times higher than that of mitochondrial MATERIALS AND METHODS

ALDH, while in fact it is 3-5 ti I z & _ . . . .
whiie h fact 1t1s imes lower (Zorzano Materials The source of biological tissues and their

- . od b Crom the S Bron treatment have been described (Klyosov et al., 1996).
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(canary yellow crystals from 1:2 acetonitritevater, mp methods for computing parameters from an enzyme reaction
116.5-117.5°C), 6-(heptanedioic acid monoether)-2-naph- time course. This significantly increases the accuracy of the
thaldehyde (prisms from 2:1 acetonitrilevater), and 7-(dim- kinetic parameters.
ethylamino)coumarin-4-carboxaldehyde (dark crystals) were  Kinetic curves were recorded spectrophotometrically by
provided by Dr. Jacek Wierzchowski of this laboratory. Other measurement of the change in absorbance at 340 nm due to
chemicals and their suppliers have been cited previously formation of NADH at 25°C with a Varian Cary 219
(Klyosov et al., 1996). The concentration of aldehydes was spectrophotometer. With vitamin Al aldehydedfrans
measured either spectrophotometrically at 340 nm by em-and 13eis-retinals) as ALDH substrates the change in
ploying purified human liver ALDH from cytosol or mito-  absorbance at 340 nm resulted from formation of NARH (
chondria (ALDH-1 or ALDH-2, respectively) and determin- = 6.22 mM™), disappearance of retinaé & 22.8 mM*
ing the amount of NADH generated € 6.22 mM* cm™?) cmY), and appearance of retinoic acid £ 39.2 mM?
upon complete reaction or by weight (when the reactivity cm™), with the resulting apparent = 22.6 mM* cm
of the aldehyde was too low to reach completion or when (Elder & Topper, 1962). The assay mixture contained 3 mM
there were problems in measuring the absorbance of theNAD* (pH 7.5 or 9.5). It was shown before (Klyosov et
compound and/or a product of its conversion). al., 1996) and confirmed in this study (see Results and
Preparation of the EnzymesThe purification of ALDH-1 Discussion) thaKy, values for ALDH-1 and -2 are essentially
and ALDH-2 has been described (Klyosov et al., 1996). the same at pH 7.5 and 9.5. In a few instances, progress
Homogeneity was confirmed by sodium dodecyl sulfate curves were recorded by changes in fluorescence in the ratio
(SDS) and nondenaturing polyacrylamide gel electrophoresismode using a Perkin-EImer MPF3 spectrofluorimeter equipped
(PAGE) and starch gel electrophoresis and by kinetic with an Osram XBO 150 W xenon lamp and an R446
behavior toward acetaldehyde. The characteristics of thephotomultiplier with the following excitation and emission
enzymes, e.g. molecular weight] walue, amino acid settings: for 4-methoxy-1-naphthaldehyde, 316 and 370 nm;
composition, and electrophoretic patterns of crude and for 6-(dimethylamino)-2-naphthaldehyde, 330 and 430 nm;
purified preparations, have been described (Rashkovetsky efor p-(dimethylamino)benzaldehyde, 340 and 444 nm; and
al., 1994; Klyosov et al., 1996). Protein content was for fluorene-2-carboxaldehyde, 330 (360 nm, for the product
determined with Coomassie protein assay reagent (Piercepf enzymatic oxidation) and 410 nm (440 nm, for the product
Rockford, IL) with bovine serum albumin as the standard of enzymatic oxidation).
(Bradford, 1976). Thek. values are based on molecular Measurements of Kfor Substrates with Extremely High
weights for the tetrameric enzymes of 230 000 (ALDH-1) and Apparent Affinity for ALDH (I in the Low Nanomolar
240 000 (ALDH-2), given in the preceding article. Specific Range) These were performed by using an additional
activities of purified ALDH-1 and -2 from five different  “reference” substrate (having very loW, and low Vp
batches were 3.4 0.6 and 4.4 0.8 umol min~! (mg of values) as the second aldehyde substrate in the same reaction
protein) !, respectively, at pH 9.5. This correspondkig system. The two substrates (reference and “target”) compete
values of 782+ 138 min! for ALDH-1 and 1176+ 192 for binding with the enzyme. Consequently, each substrate
min~! for ALDH-2. (S) will be displaced partially from complexing with the
Assay of ALDH Actiity. Substrates and inhibitors of enzyme, and the “total” initial velocity of the enzymatic
ALDH were dissolved in methanol (acetonitrile significantly reaction will be determined by a number of parameters
activates some ALDHSs), except acetaldehyde, propionalde-related to both of them. In the simplest case, this will be
hyde, valeraldehyde, and benzaldehyde, which were dis-determined by the ratios &,[S]/Kn, and [S]Ky, for the two
solved in water. When added to the assay mixture, the final substrates, according to eq 1
concentration of methanol did not exceed-0110% (v:v).

These concentrations of methanol do not affect the enzymatic ViS V.5
reaction. K, + K,
Km andVy, for the ALDH-catalyzed oxidation of substrates Vot = o (1)
whoseK, values were higher than 1M were determined 1+ i + %
from initial velocities, using both LineweaveBurke plots Ki K,

and numerical calculations. Sin&g, values in the low to

submicromolar range cannot be obtained from initial veloci- whereuw is the total velocityV; andK; are the maximum

ties, they were derived from progress curves (Klyosov & velocity and the Michaelis constant, respectively, for the first

Berezin, 1972). It was assumed that the conversion of the (target) substrateS, is the concentration of the target

aldehydes under study into their respective carboxylic acids substrate in the reaction mixture, avg K,, and$; are the

was essentially irreversible under the experimental condi- respective parameters and concentrations of the second

tions. Indeed, sets of progress curves, typically for several (reference) substrate in the reaction mixtukd, K, andV,

initial substrate concentrations, yield nearly identical kinetic are obtained from separate (control) experiments, wBgre

parameters, verifying the irreversibility and absence of S, and v are the experimental values. The maximum

product inhibition. In instances in whidky, and/orV, could velocity (V) for the reference substrate as welNador the

be determined by both methods, the same values weretarget substrate essentially can be obtained as the initial

obtained within the limits of experimental error. velocity (vo) of substrate conversion in separate experiments,
The single reaction progress curve method (Klyosov & because theiK,, values are very lowK, < [S]o). Thus,

Berezin, 1972) employs relative rather than absolute valuesonly K; is unknown and can be calculated using the above

of the reaction parameters (initial substrate concentration, equation. Because eq 1 is symmetrical with regard to target

initial reaction time, absolute concentration of the reaction and reference substrates, in specific situations, these names

product, etc.), which are typical of more conventional graphic can be used interchangeably.
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Table 1: Substrate Specificity of ALDH-2 and ALDH-1 toward Aliphatic Aldehydes (pH 9.5)

ALDH-2 ALDH-1

Keat (MiN™2) Km (M) Keat (Min2) Km (NM)
formaldehyde 4056a:- 500 320000+ 80000
acetaldehyde 1186 80 200+ 20 790+ 60 180000+ 10000
propanal 118@: 160 95+ 5 700+ 47 4500+ 300
pentanal 137@- 60 34+ 2 490+ 11 160+ 30
hexanal 171G 44 30+£5 250+ 8 41+ 2
heptanal 136a- 34 27+ 4 260+ 24 18+ 2
octanal 900t 30 28+ 4 250+ 10 12+ 2
decanal 706Gt 34 22+ 3 230+ 16 29+ 04

Aliphatic aldehydes were studied as target substrates usingkinetic approaches. The lowest valuekaf for an NAD*-
p-tolualdehyde with ALDH-2 K, = Kz = 14 4+ 2 nM) and linked ALDH-catalyzed reaction that is measurable by a
5-bromo-1-naphthaldehyde with ALDH-K§{ = K, = 2.5 kinetic progress curve is about Q:M, for the oxidation of
+ 0.3 nM; see Results and Discussion) as reference propanal by ALDH-2 and oxidation of pentanal by ALDH-1
substrates. These Michaelis constants were obtained from(Table 1). Kinetics and substrate specificity of ALDHs
eq 1 using acetaldehyde as a temporary reference substrateoward longer-chain aliphatic and aromatic aldehydes were
(Kn for acetaldehyde= 0.2 and 18(Q«M with ALDH-2 and studied in the presence of a concurrent (reference) substrate
ALDH-1, respectively). V,, values for these reference as described in Materials and Methods (see eq 1). Cornish-
substrates\(; in eq 1) were significantly lower than those Bowden (1979) contended that it is unusual to carry out
for acetaldehyde: 5.5-fold lower fgu-tolualdehyde with kinetic experiments in which two substrates compete for the
ALDH-2 and 82-fold lower for 5-bromo-1-naphthaldehyde same enzyme since this complicates the analysis and does
with ALDH-1. not provide more information than would be obtained by

Aromatic aldehydes were studied as target substrates usingstudying the substrates separately. However, this is not
acetaldehyde as a reference substrate with both ALDH-1 andalways valid. The procedure does prove useful when one
-2. Values ofK, & standard deviation (SD), calculated from of the substrates has a very lok, value in the low
eq 1 for duplicate determinations of initial velocitieg.), nanomolar and even subnanomolar range which would be
are reported for four to six initial substrate concentrations. difficult or impossible to measure otherwise.

Initial velocities, at [S]> Kq, were used to determind, Kinetic of Two Competitie Substrates To Obtain Low-
for the substrates listed in Tables 1 and 2 (except formal- Nanomolar Range KValues Aliphatic Aldehydes as ALDH
dehyde with ALDH-2 and acetaldehyde with ALDH-1) as Substrates Preliminary experiments led to the choice of
well as for the reference substratgsfolualdehyde and  p-tolualdehyde §-methylbenzaldehyde) as the reference
5-bromo-1-naphthaldehyde. substrate for ALDH-2. It¥cs, 215 mir® (pH 9.5), is 5.5-
fold lower than thek.,; for acetaldehyde conversion by the
same enzyme; itk is less than 0.kM. Initial velocities

for concurrent oxidation of acetaldehyde (164) and

The ALDH literature contains many conflicting reports p-tolualdehyde (14, 28, 42, and 70M) by ALDH-2,
on the kinetics of such a “simple” substrate as acetaldehyde,determined by eq 1, give &, value, i.e.Kn, for p-
with reportedK,, values varying by as much as 20-fold for tolualdehyde conversion, of B4 2 nM. A reverse (control)
ALDH-1 and by more than 100-fold for ALDH-2 (see the experiment to determine th&, for n-propanal conversion
preceding article). With more tightly binding ALDH sub- by ALDH-2 usingp-tolualdehydes as a reference substrate
strates, the current knowledge on their kinetic behavior is gives a value of 95t 5 nM, essentially the same as that
no better, though Pietruszko (1989) has reported kinetic determined directly from a progress curve, i.e. @M. This
parameters for a number of “biogenic aldehydes” such asapproach served to determing, values for aliphatic
5-hydroxyindolacetaldehydeKf, = 2.4 and 0.8uM for aldehydes ranging from pentanal to decanal as substrates of
ALDH-1 and -2, respectively), 3,4-dihydroxyphenylacetal- ALDH-2 (Table 1).

RESULTS AND DISCUSSION

dehyde Kn = 0.4 and 1.0uM for ALDH-1 and -2,
respectively), and phenylacetaldehyHe & 1.5 and 0.6:M
for ALDH-1 and -2, respectively), with thde, values

practically equal to each other in each case. For the ALDH-

With cytosolic ALDH-1, p-tolualdehyde gives strong
substrate inhibition and therefore cannot be used as a
reference substrate with this isozyme; 5-bromo-1-naphthal-
dehyde was therefore used instead. kitgis 9.6 mirmrt at

catalyzed oxidation of retinal, for example, there are various pH 9.5 (82 times less than that for acetaldehyde)Kijss
data. Ambroziak and Pietruszko (1991) reported that both less than 0.1uM. A kinetic study of the concurrent

ALDH-1 and -2 are active towardll-trans and 13eis-
retinal, thoughK, values could no be determined, while
Yoshida et al. (1992, 1993) reported that only ALDH-1 is
active towardall-transretinal (is-retinal was not tested),
with Ky, equal to 0.06¢M (600-fold lower than that with
acetaldehyde) ankl, equal to that of acetaldehyde.

Our kinetic data, based on both initial velocities and single

conversion of acetaldehyde and 5-bromo-1-naphthaldehyde
by ALDH-1, using eq 1, gives K, for the latter (reference)
substrate of 2.5+ 0.3 nM at pH 9.5 and 3.z 1.0 nM at

pH 7.5. Again, a control experiment, using 5-bromo-1-
naphthaldehyde as the ALDH-1 reference substrate, concur-
rent with n-propanal, gives &, for the latter of 4.5+ 0.3

uM (pH 9.5), a value virtually identical to that forpropanal

progress curves, confirm that Michaelis constants for the (4.2 + 0.6 uM) obtained from initial reaction velocities.

ALDH-catalyzed oxidation of most aliphatic and aromatic

Thus, these data provide additional proof for the validity of

aldehydes are too low to be determined by conventional the approach which served further to determifaevalues



4460 Biochemistry, Vol. 35, No. 14, 1996 Klyosov

Table 2: Substrate Specificity of ALDH-2 toward Aromatic and Fused Polycyclic Hydrocarbon and Heterocyclic Aldehydes

Vim,rel (%) Km (M) Keat (Min~2)
Cinnamoyl and Hydrocinnamoyl Aldehydes
p-nitrocinnamaldehyde 2.3+05 0.7+ 0.2 27+ 7
N02—©—CH=CH—CHO
p-(dimethylamino)cinnamaldehyde CHa 8+15 5+2 90+ 20
\NO—CH:CH—CHO
s
CHjs
trans-cinnamaldehyde 13+3 35+8 150+ 40
@—CH:CH—CHO
hydrocinnamaldehyde 63+ 3 500+ 30 7404+ 50
@—CHZCHZCHO
a-phenylpropionaldehyde 77+ 4 930+ 80 9104+ 90
@—?H—CHO
CH3
phenylacetaldehyde 153+ 20 29+ 4 1800+ 200
@—CHZCHO
Benzaldehydes
2,4-dinitro- 3.44+0.3 3.2+ 0.6 40+ 7
NO,
o-nitro- 6.3+ 0.6 6.3+ 0.1 74+ 9
O
NO,
p-nitro- 36+1 7+2 430+ 30
NOg‘@fCHO
benzaldehyde 30+2 18+ 2 350+ 30
p-methyl- 15+ 3 17+ 4 180+ 40
CH3—©—CHO
m-methyl- 23+ 2 18+ 2 270+ 30
CHs
p-methoxy- 13+1 18+ 2 150+ 20
CH30—©—CH0
p-(dimethylamino)2ce CHs 11+3 2042 140+ 40
\N—Q—CHO
/
CH3
m-methoxy- 30+2 90+ 5 350+ 30
@7@‘0 350+ 60°
OCH;
m-hydroxy- 5.1+ 0.3 240+ 10 60+ 6
OH
3,4-dimethoxy- 72+04 330+ 60 85+ 7
CH304©—CHO
OCH;
o-methoxy- 1.9+0.2 800+ 70 22+ 3
< :Z—CHO
OCH;
o-methyl- 14+ 3 1300+ 400 165+ 37
Do
CHg
0-amino®c <2 5100+ 900 not a substrate
< >_—CHO
NH,
o-hydroxy+ 50+ 5 320000+ 40000 590t 70
< :Z—CHO
OH
p-hydroxy®< not an inhibitor/substrate up to &M
OH CHO

3-methoxy-4-hydroxy° not an inhibitor/substrate up to 201

CHO

o
I
(o]
(o]
T
&
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Table 2 (Continued)

Vi, rel (%) Km (M) Keat (Min~2)

3,4-dihydroxy®<

p-carboxy-

5-bromo-1-

5-nitro-1-

6-[O-(CHy)s-COOH]-2-

6-(dimethylamino)-2-

2-naphthaldehyde

4-methoxy-1¢

6-hydroxy-2b<

2-methoxy-12¢

4-(dimethylamino)-12¢

2-hydroxy-1b¢

7-acetoxy-

7-(dimethylamino)-

7-methoxy-

6,7-dimethoxy-

7-hydroxy4

OH—Q—CHO
OH
HOOC—@—CHO

CHO
&
N\
Br
CHO
~
NS
NO,

CHO
HOOC— (CHy)50

cHe °H°
CHZN

= cHO

NS

CHO

VA

VA
E

Benzaldehydes
not an inhibitor/substrate up to 56/

noncompetitive activator at 30180uM
(15—30% activation of acetaldehyde conversion)

Naphthaldehydes
1.34+0.2 0.4040.09 15+ 3
42+1.7 0.404+0.20 504+ 20
2.4+ 0.4 0.9+ 0.4 28+ 6
3.0+ 0.5 2.3+1.2 37+£2
20+ 3 843 2404+ 50
<0.06 65 <0.7
<2 160+ 40 not a substrate
<1 940+ 90 not a substrate
<2 13004+ 500 not a substrate
<1 2300+ 300 not a substrate

Coumarin-4-carboxaldehydes

554+25 60+ 30 65+ 34
6.6+ 0.8 62+ 9 78+ 10
16+ 2 280+ 35 190+ 30
5.0+ 0.5 6904+ 100 50+ 7
42+ 3 150000+ 20000 500+ 40
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Table 2 (Continued)

Vimn,rel (%) Km (NM) Keat (Min~2)
Quinoline- and Quinolinonecarboxaldehydes

quinoline-3° (ﬁwo 57+2 330+ 20 670+ 50
. 5
N

7-(dimethylamino)-2-quinolinone-4- CHO 11+15 2130+ 370 130+ 20
N
CHs |
CHs N o
H
quinoline-4° CHO 24+ 2 2800+ 100 280+ 30
“d | ~
NS N/
6-methoxy-2-quinolinone-4- CHO 5.0+ 0.5 5400+ 400 59+ 7

198!
N
H
7-methoxy-2-quinolinone-4- CHO 27+3 50000+ 10000 320+ 40
oot
N
H

2-quinolinone-4¢ 842 nd 94420

Others
phenanthrene-9-carboxaldehyde CHO 1.5+04 4+ 3 18+ 6

indole-3-aldehyde <0.2 10006-20000 <2.4

|
N
H
indole-3-acetaldehyde 47+ 3 150+ 50 560+ 40
|
N
H

5-methoxyindole-3-carboxaldehyitfe CHyO cHo <0.2 18900 <2
|
N
H
3-pyridinecarboxaldehydé @7 cHO 14145 1960+ 110 1660+ 140
P
N

fluorene-2-carboxaldehyde O‘O cHO 14+ 2 nd 170+ 30

aVp, rel is shown in percent in relation ¥, of acetaldehydek{,;; = 1180+ 80 mimr! at pH 9.5).° Kinetic data were obtained from progress
curves.® From inhibitory action in relation to acetaldehyde conversitfinetic data were obtained from initial velocitiesKinetics studied
spectrofluorimetrically! nd is not determined.

for other aliphatic (Table 1) and aromatic (Tables 2 and 3) the exception of propanal; see below). Thus, the displace-
aldehydes as substrates of ALDHSs. ment effect of the reference substrate in relation to longer
A direct spectrofluorimetric, kinetic study of the ALDH-  aliphatic aldehydes is less pronounced, indicating that the
1-catalyzed oxidation of 6-(dimethylamino)-2-naphthalde- apparent affinity of the longer aldehydes for the enzyme is
hyde, employing progress curves at an initial substrate higher, consistent with the respecti%, values listed in

concentration of 12 nM, givek, values of 2.4+ 0.2 nM Table 1.

(pH 9.5) and 1.9+ 0.3 nM (pH 7.5). Thus, th&,, values Figure 1 demonstrates that a second substrate with a high
for naphthaldehydes as ALDH substrates are in the single apparent affinity and a relatively low maximum velocity is
nanomolar range. an inhibitor of the enzymatic reaction. It displaces the

The second substrate in the ALDH-1 reactions, 5-bromo- specific substrate from the enzyme and slows the overall
1-naphthaldehyde, affects the initial velocities of aliphatic velocity of the reaction. When the concentration of the added
aldehyde conversion (Figure 1). In each case in the presenceeference substrate is relatively high, the total velocity of
of the reference substrate, the initial velocity is less than in the enzymatic reaction will be reduced to ttig value for
its absence. With increasing chain length of the substratethis slow substrate. This is shown by the black banfer
the inhibitory effect of the reference substrate decreases (with2 in Figure 1, where the propanal concentration was relatively
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Table 3: Substrate Specificity of ALDH-1 toward Aromatic and Fused Polycyclic Hydrocarbon and Heterocyclic Aldehydes

Vm,rel (%) Km (NM) Keat (Min~2)
5-bromo-1-naphthaldehyde £20.2 2.5+ 0.3 9.5+ 1.6
6-(dimethylamino)-2-naphthaldehyde 20+5 6.3+ 1.8 160+ 40
5-nitro-1-naphthaldehyde 420.6 11+5 33+5
fluorene-2-carboxaldehyde 465 54+ 6 360+ 40
p-(dimethylamino)benzaldehyde 162 60+ 20 128+ 16
4-methoxy-1-naphthaldehyde 5 200+ 20 265+ 45
indole-3-acetaldehyde 86+ 2 310+ 20 680+ 20
trans-cinnamaldehyde 50+5 400+ 40 470+ 40
p-(dimethylamino)cinnamaldehytle 62+5 900+ 200 490+ 40
7-(dimethylamino)coumarin-4-carboxaldehyde 60+ 10 1420+ 230 474+ 80
phenylacetaldehyde 38D40 5500+ 1200 3000+ 340
phenanthrene-9-carboxaldehyde <4 9400+ 800 (vs acetaldehyde)

27004+ 700 (vs cinnamaldehyde)

2,4-dinitrobenzaldehyde 35+5 2730 substrate inhibition
p-nitrocinnamaldehyde 1458 15 <100 substrate inhibition
2-naphthaldehyde 116 12 <100 substrate inhibition
6-[O-(CH,)s-COOH]-2-naphthaldehyde H5 <100 substrate inhibition
m-methylbenzaldehyde 16010 <100 substrate inhibition
p-methylbenzaldehyde 160 20 <100 substrate inhibition
p-nitrobenzaldehyde >50 <100 strong substrate inhibition
o-nitrobenzaldehyde 7% 8 <100 substrate inhibition

a Structures are included in Table 2V, rel is shown in percent in relation i, of acetaldehydek{y = 7904 60 min* at pH 9.5).¢ Kinetics
studied spectrofluorimetrically.

35 -3
1
3r A
a
£ 251 ]
s
I 5
e
Z .
3 15F ¥ 6l
: g
E 1k Q
: ST
05+
ol I o
1 2 4 5 6 7 9
n, C H,,,,CHO (aldehydes)
YT T T T T T—T T T T 6
Ficure 1: Effect of 5-bromo-1-naphthaldehyde (a reference 01 28 4567 891001 23456738910
substrate) on the initial velocity of aliphatic aldehyde oxidation by n, in C,H,,,,CHO

ALDH-1: open bars, in the absence of 5-bromo-1-naphthaldehyde;

solid bars, in the presence ofi# 5-bromo-1-naphthaldehyde. The  Ficure 2: Effect of chain length of aliphatic aldehydes,(Gn+1-
reaction conditions were pH 9.5 with an ALDH-1 concentration of CHO) on (A) apparent affinity (in terms of lo¢y,) and (B)
8.9 nM. The substrate concentrations (in micromolar) were as reactivity [in terms of log k../Kn)] toward ALDH-1 (closed circles)
follows: acetaldehyde, 3200; propanal, 13.6; pentanal, 15.4; and ALDH-2 (open circles). The data are from Table 1.
hexanal, 14.4; heptanal, 14.4; octanal, 7.2; and decanal, 9.6.

substrate for ALDH-1 which clearly prefers large hydro-

low ([S]o/Km Was the lowest ratio in the series). phobic compounds. It could be said as well that ALDH-1
Substrate Specificity of Human Mitochondrial and Cyto- did not evolve to optimize acetaldehyde oxidation.
solic ALDHs toward Aliphatic Aldehyded/Nith an increase Retinals as Substrates for ALDH-1 and Inhibitors of

in chain length, the apparent affinity of both ALDH-1 and ALDH-2. ALDH-1 is able to oxidize vitamin Al aldehydes,
ALDH-2 for aliphatic aldehydes increases significantly i.e. bothall-trans and 13eis-retinals, in accord with the
(Table 1). TheKy, values for the longest aldehyde tested, finding of Yoshida et al. (1992, 1993), who also reported
n-decanal, reach the low nanomolar range: 2.9.4 and that all-transretinal is not a substrate for ALDH-2. The
22 £ 3 nM for ALDH-1 and -2, respectively. ALDH-1is  present data show that ALDH-1 oxidize$-trans- and 13-
particularly substrate-specific (Figure 2). The transition from cis-retinal withK,, equal to 1.1+ 0.2 and 0.3A 0.05uM,
acetaldehyde to-pentanal decreas&s, 1000-fold (from 180 respectively, at pH 7.5. Thiey values (119+ 11 and 75

to 0.16 uM). For ALDH-2, the corresponding change in &+ 8 min™?, respectively) are lower than those for acetalde-
Km is only 6-fold, from 0.2 to 0.034M. The data suggest hyde oxidation (38@: 30 minl). Thus, theitkea/Kn values
that, in addition to acetaldehyde oxidation, ALDH-2 could are 108+ 20 and 203+ 30uM~1 min~—! compared with 2.1
also have a specialized role involving metabolism of bulky + 0.3 uM?* min~! for acetaldehyde, which is 50.00-fold
hydrophobic compounds at low concentrations. Because thehigher, rather close to the recalculated 60-fold value from
Km for acetaldehyde is much higher compared to its physi- Yoshida et al. (1992, 1993).

ological concentration, and due to a relatively low amount At pH 9.5, kinetics of ALDH-1 towardall-trans- and 13-

of ALDH-1 in human liver compared to that of ALDH-2  cisretinal is complicated by both substrate activation and
(see above), acetaldehyde is almost certainly a minor product inhibition. Owing to product inhibition, both ap-
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parentK,, andk., values derived from progress kinetics were M e Ty A

very high (initial retinal concentrations of 225.0uM were 12 > d

used). There was also a strong substrate activation above 2 8 e

uM retinals, making it difficult to employ initial velocities 4

for kinetic evaluations at pH 9.5. Taking all of this into % 5 i 15 20

consideration, the estimated kinetic parameters (using both Time, min

progress kinetics and initial velocities at lower substrate ™M 2 2 b B

concentrations) at pH 9.5 are as follows: &irtransretinal, :z -

Km = 0.99+ 0.11uM and ket = 460 &= 50 min?; for 13- .

cisretinal, K = 1.3+ 0.2uM and kg = 2004 30 mim?; o

an for acetaldehyde, 18& 10 uM and ket = 790 £+ 60 ° ° Time, min '° ”

min~t. Again, k.a/Kn, values for ALDH-1 towardill-trans 8 .

and 13eis-retinal at pH 9.5, 47@ 70 and 155+ 25 uM ™1 = o C

min~?, respectively, are 40100-fold higher compared to that a4 b

for acetaldehyde (4.4 0.5uM~1 min~Y). S T
With respect to ALDH-2, bothall-trans and 13eis-retinal o ; 5

are inhibitors, the former one being much more potent than Yo,

the latter. all-trans-Retinal in concentrations of 75750 nM Ky

is a mixed inhibitor of ALDH-2, with a competitive inhibition
constant of 43+ 15 nM and a noncompetitive inhibition

Ficure 3: trans-Cinnamaldehyde (t-CA) as (A) a potent inhibitor
of acetaldehyde (AA) oxidation by ALDH-2 and (B) a specific

constant of 316t 102 nM. At an increasedll-transretinal
concentration (3.7, 7.4, and 18iM), the degree of

competitive inhibition remains the same but the noncompeti-

tive inhibition weakens. This might reflect an incomplete
noncompetitive inhibition of ALDH-2 byall-transretinal.
13-cis-Retinal was a significantly less potent inhibitor of
ALDH-2. It was also a mixed inhibitor (decreasiMg, and
increasingKy, at the same time) but with competitive and
noncompetitive inhibition constants each equal to\b.

These data indicate that in terms of reactivity and apparent

substrate for ALDH-1. The conditions for panel A were as
follows: pH 9.5, 14uM AA, and (a) no t-CA, (b) 4uM t-CA, (c)
10uM t-CA, (d) 16 uM t-CA, or (e) no AA and 6uM t-CA. The
conditions for panel B were as follows: 5@ AA and (a) no
t-CA, or no AA and (b) 16uM t-CA, and (c) 8uM t-CA. The
kinetic parameters for the reactions are as follows: VA 3.6

uM/min, § = 14 uM, K; = 200 nM,V, = 0.45uM/min, S, = 4,

10, and 1&«M, andK; = 35 nM; (B) V; = 3.3uM/min, S = 500

uM, Ky = 180uM, V, = 2.1 uM/min, S; = 8 and 16uM, andK;

=400 nM. (C) Linearization of the progress curves shown in panel
B with 16 uM t-CA (a) and 8uM t-CA (b). The intersection point
at the ordinate corresponds to the maximum velocity of the reaction

_ . . (2.14+ 0.3uM/min in this case), and the slope corresponds to the
affinity both retinals are good but not outstanding substrates .- i onstant (400 nM)At is a time period related to a half-

for ALDH-1; they are comparable to propanal and pentanal jife of the enzymatic reaction. The linearization method is described
(Table 1). Still, compared to acetaldehyde, the retinals arein detail in Klyosov and Berezin (1972) and Rashkovetsky et al.
much better natural substrates. It is quite possible that (1994).
cytosolic ALDH exercises a specialized function in their
metabolism. At the same timall-transretinal turns out to
be a strikingly potent inhibitor of mitochondrial ALDH, able
to affect binding at low nanomolar concentrations and
turnover at submicromolar concentrations of the inhibitor.
Those properties maladl-transretinal a good candidate to
be a specialized regulatory compound for ALDHR2vi v0.
Kinetics and Substrate Specificity of Human Mitochondrial inhibitor of ALDH-1 (Figure 4B).
and Cytosolic ALDHs toward Aromatic Aldehydeslany All of the aldehyde substrates or inhibitors studied are
of the naphthaldehydes, cinnamaldehydes, and other aromaticompetitive with acetaldehyde in binding to ALDH-1 and
aldehydes examined (Tables 2 and 3) almost completely-2. Within experimental error, their kinetic behavior can be
saturate the ALDHSs at the substrate concentrations that haddescribed by eq 1, wheN > O for substrates and, = 0
to be used in kinetic studies. In most cases (excejrfbo- for inhibitors.
substituted benzaldehydes and some aromatic aldehydes with Figures 4-6 show that acetaldehyde begins to be oxidized
bulky substituentsKnm, values were below 100 nM and could only after the tight-binding, slow substrate is converted to
not be determined by conventional kinetic analysis using product. The length of the lag phase corresponds to the
either initial velocities or progress curves. reactivity (essentially,,) of the substrate (eq 1), and the
When both aldehyde substrates (the reference and thesame equation (eq 1) describes the slope of the slower part
target) were added to the enzymatic assay system, there weref the kinetic curve. Tables 2 and 3 list both the experi-
two principal kinetic patterns. mental and calculated kinetic constants (see Materials and
(1) If SYK; andS/K; (see eq 1) are of the same order of Methods). Whenever it was possible to obt&in values
magnitude, the total velocity of the enzymatic reaction is directly, from either initial velocities or kinetic progress

slow substrate is converted to product, the kinetics of the
total reaction essentially reflect the slow conversion (Figures
4—6 for the kinetics of acetaldehyde oxidation by ALDH-1
and -2 in the presence of phenanthrene-9-carboxaldehyde,
5-bromo-1-naphthaldehyde, and 5-nitro-1-naphthaldehyde).
Phenanthrene-9-carboxaldehyde is a simple, competitive

generally intermediate betweé&fi andV,. The kinetics of

curves, within experimental error, the values were the same

the concurrent enzymatic oxidation of acetaldehyde and as calculated by eq 1. Thus, tKg for 6-(dimethylamino)-

trans-cinnamaldehyde (Figure 3) illustrate this case.
(2) If the ratio S/K; for the tight-binding substrate is 2
(or more) orders of magnitude higher th&lK; for the

2-naphthaldehyde oxidation by ALDH-2 was 2t31.2 nM
(calculated using kinetic data obtained spectrophotometri-
cally) and 2.6+ 0.3 nM (by directly recording a spectro-

reference substrate, the former would almost completely fluorimetric progress curve, at initial substrate concentrations
displace the reference substrate. Until the tight-binding and of 10, 12, and 15 nM).
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Ficure 4: Effect of phenanthrene-9-carboxaldehyde (PC) on
acetaldehyde (AA) oxidation by (A) ALDH-2 and (B) ALDH-1.
The conditions for panel A were as follows: pH 9.5, Al AA,

and (a) no PC, (b) 2.08M PC, (c) 6.24uM PC, (d) 10.4uM PC,

or (e) no AA and 10.4«M PC. The conditions for panel B were
as follows: 500uM AA and (a) no PC, (b) 16.2M PC, or 200
uM AA and (c) no PC, (d) 16.2M PC, or (e) no AA and 16.2

uM PC. The kinetic parameters for the reactions are as follows:

(A) Vi = 2.96 uM/min, S, = 14 uM, K; = 200 nM, V, = 0.056
uM/min, S, = 2.08, 6.24, and 10.4M, andK; = 4.1 nM; (B) V;

= 4.55uM/min, § = 200 and 50Q«M, K; = 180uM, V, =0,
= 16.2uM, andK; = 9.4 uM.
16 16
M A B a/, b
14 2 b ¢ ¢ 114
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Ficure 5: Effect of 5-bromo-1-naphthaldehyde (5-Br-NA) on
acetaldehyde (AA) oxidation by (A) ALDH-2 and (B) ALDH-1.
The conditions for panel A were as follows: pH 9.5, Al AA,
and (a) no 5-Br-NA, (b) 0.3zZM 5-Br-NA, (c) 0.74uM 5-Br-NA,

or (d) no AA and 22.1uM 5-Br-NA. The conditions for panel B
were as follows: 50«M AA and (a) no 5-Br-NA, (b) 0.1uM
5-Br-NA, (c) 0.2uM 5-Br-NA, (d) 0.3uM 5-Br-NA, or (e) no AA
and 1.1uM 5-Br-NA. The kinetic parameters for the reactions
are as follows: (A)V: = 5.33uM/min, S, = 14 uM, K; = 200
nM, V, = 0.071uM/min, S, = 370 and 740 nM, an&, = 0.4
nM; (B) Vi = 4.55uM/min, S = 500uM, K; = 180uM, V, =
0.046uM/min, S, = 100, 200, 300, and 1100 nM, alg = 2.5
nM.
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Ficure 6: Effect of 5-nitro-1-naphthaldehyde (5-MN®MA) on
acetaldehyde (AA) oxidation by (A) ALDH-2 and (B) ALDH-1.
The conditions for panel A were as follows: pH 9.5, Al AA,
and (a) no 5-N@NA, (b) 0.63uM 5-NO,-NA, (c) 0.94uM 5-NO,-
NA, (d) 1.57uM 5-NO,-NA, or (e) no AA and 3.13:M 5-NO,-
NA. The conditions for panel B were as follows: 500 AA
and (a) no 5-N@NA, (b) 0.32uM 5-NOx-NA, (c) 0.64uM 5-NO,-
NA, (d) 1.07uM 5-NO2-NA, or (e) no AA and 3.13:M 5-NO,-
NA. The kinetic parameters for the reactions are as follows: (A)
V1= 3.4uM/min, S, = 14 uM, K; = 200 nM,V, = 0.14uM/min,

$ = 0.626, 0.940, 1.57, and 3.184, andK; = 0.4 nM; (B)V, =
4.55uM/min, S, = 500uM, K; = 180uM, V, = 0.19uM/min, S,
= 0.32, 0.64, and 1.0ZM, andK; = 11 nM.

The time lag in the enzymatic conversion of acetaldehyde
in the presence of a slow, tight-binding substrate (as in
Figures 4-6) increases linearly with substrate concentration
and is a function of the amount of tight substrate added
(specifically by itsVi, andKr,,). Table 2 lists an entire family
of such ALDH-2 effectors, covering a wide range of
reactivities V) and apparent affinitieK(,). In some cases
[p-nitrocinnamaldehyde, 5-nitro-1-naphthaldehyde, or 6-[O-
(CH,)s-COOH]-2-naphthaldehyde], concentration of as little
as 3uM supresses acetaldehyde oxidation by 97% and delays
it for 30 min even though the enzyme (ALDH-2) is almost
completely saturated with acetaldehyde (e.&.{)0 There-
after, enzyme activity is restored completely and rapidly.

Phenanthrene and naphthalene aldehydes are the most
potent effectors (Table 2). Some of them, although tight-
binding slow substrates for ALDH-2, are only weak inhibitors
for ALDH-1. Phenanthrene-9-carboxaldehyde is an example;
it binds to ALDH-1 almost 1000 times more weakly than it
does to ALDH-2 (Tables 2 and 3, Figure 5). Others, like
5-nitro-1-naphthaldehyde, are tight-binding, slow substrates
for both ALDH-1 and ALDH-2 (Tables 2 and 3, Figure 6).
Yet others are tight-binding, slow substrates for ALDH-2
and rather good substrates for ALDH-1, with a maximum
velocity up to 45% higher than that for acetaldehyde (Table
3).

Electronic and Hydrophobic Effects in ALDH Catalysis
The electronic effects of the substituents in both benzalde-
hydes and naphthaldehydes, for which a series of data is
available, do not influence thekK, values for ALDH-2

The kinetics of acetaldehyde (the reference substrate)(Table 2). Thus, the potent electronegatpaitro group

conversion after the second,
oxidized completely are virtually identical to those obtained

tight-binding substrate is has about the same effect on the apparent affinity as does

the electropositivg-dimethylamino group [the Hammatt

in the absence of the target substrate. Thus, the products oBubstituent constants for these two groups -a6:78 and
enzymatic oxidation of all aldehydes studied affect neither —0.83, respectively Handbook of Practical Data, Tech-

the Vi, nor theK,, of acetaldehyde oxidation by ALDH-2.

Apparently, this also pertains to ALDH-1-catalyzed reactions,

nigues, and Reference%972)]. TheK, values for these
compounds are 7 nMpfnitrobenzaldehyde) and 19.5 nM

but the concentrations of acetaldehyde used as the referencé-dimethylamino)benzaldehyde); that for benzaldehyde itself

substrate in this case were too high to follow the enzymatic is similar, 18 nM (Table 2).

reaction to completion.

In naphthaldehydes, both
substituents, N@ and (CH):N, decrease th&, values
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Table 4: Effect of Naphthaldehyde Substituent Hydrophobicity on  Table 5: Effect of 2-Substitution of Aromatic Aldehydes on

Kn for ALDH-2 Binding to ALDH-2
_ hydrophobicity Ki (uM) R2
substituent coefficient ¢)* K (NM) o-nitrobenzaldehyde 0.0063 0.35
6-OH —-0.61 160 o-methoxybenzaldehyde 0.8 44
4-CH:O —0.04 65 o-methylbenzaldehyde 1.3 72
H 0 8 2-methoxy-1-naphthaldehyde 0.94 118
6-(CHs)oN 0.18 2.3 2-hydroxy-1-naphthaldehyde 2.3 288
5-NG, 0.24 0.4 o-aminobenzaldehyde 5.1 300
5-Br 1.02 0.4 o-hydroxybenzaldehyde 320 18000
aFrom Hansch and Leo (1979). aRatio of the binding constants with the respective unsubstituted
compound.

compared with that for unsubstituted naphthaldehyde (0.4,

2.3, and 8.0 nM, respectively), despite the significant is Virtually abolished Kn = 320 vs 0.01&M for benzal-
difference in their electronic properties. Overall, no cor- dehyde).

relation has been found between electronic properties of Some aromatic substrates are potent inhibitors of ALDH-1
substituents and thi, values of the respective aldehydes (Table 3). All of them are tight-binding substrates for
toward ALDH. ALDH-2. Moreover, the greater the degree of substrate

There are some correlations between the apparent affinityihibition with ALDH-1, the greater the apparent affinity
of the aldehydes and their hydrophobicity (as expressed infor ALDH-2 (benzaldehydes> nitrocinnamaldehydes-
terms of Hansch constants;, see Table 4). Naphthaldehydes r)aphthaldehydes). This eﬁe_ct mlght indicate an evqutyona}ry
and other fused polycyclic aldehydes generally have lower lINK between a substrate inhibitory (secondary) site in
Km values with ALDH-2 than do their less hydrophobic ALDH-1 and'a primary substrate binding site in ALDH-2.
benzaldehyde analogs (Table 2). This corresponds to the N conclusion, it should be noted that the extremely low
general trend toward better binding of longer-chain aliphatic Km values for both isozymes in relation to their hydrophobic
aldehydes, described above. The hydrophobicity of substit- Substrates are in the range of binding constants for ligand

uents of naphthaldehydes and thiéir values also correlate ~ receptor interactions. This suggests a potential specialized
(Table 4). (regulatory) function for human liver aldehyde dehydroge-

nasesin vivo, beyond that of the catalytic oxidation of
aldehydes, when their substrates are present in extremely low
i.e. nanomolar, concentrations. This as yet unknown bio-
logical function might relate to the hydrophobicity of such

- ) compounds. Vitamin Al aldehydes, described in this paper
e e ey f o, 25 SUbsttes for ALDH-1 and iiiors of ALDH, can
higher (Table 2). serve as specific _examples of possible regulatory compounds;

all-trans and 13eis-retinal are much better natural substrates

of ALDH-1 than acetaldehyde, but they are not oxidized by
ALDH-2. Insteadall-transretinal is a very potent ALDH-2
inhibitor, capable of affecting binding to the enzyme at low
molecular concentrations and turnover at submicromolar
concentrations of the inhibitor.

This correlation is not so obvious for substituted benzal-
dehydes. However, the transition from rather hydrophobic
substituents such gsCHs, m-CHgs, p-NO,, andp-(CHs)2N
(Kn for the respective aldehydes 7—20 nM) to less

These structurefunction relationships indicate that naph-
thaldehydes with rather hydrophobic substituents, such as
p-CHs (w = 0.93),p-C;Hs (r = 1.02-1.22),p-CsH7 (r =
1.40-1.43), orp-C4Hy (r = 1.90), as well as Cl and |
(substituentss# = 0.70-0.76 and 1.151.26, respectively),
and phenyl and benzyl substituents=€ 1.9—2.0 and 2.38,
respectively) might have even greater apparent affinity for
the enzyme.

There is a parallel between “apparent binding” and | am grateful to Drs. B. L. Vallee and J. F. Riordan for
catalysis (in terms oK, andkea, or Vi) for @ number of  \guaple discussions, advice, and support, L. G. Rashk-
substrate series in Table 2. Thus, the data for all cinnamoyl- ovetsky for purifying ALDH-1 and ALDH-2, and J.
and hydrocinnamoylaldehydes, the first few benzaldehydes,\yjierzchowski for synthesizing 5-bromo-1-naphthaldehyde,
naphthaldehydes (without hydroxy- and methoxy-substituted 6-(dimethylamino)-2-naphthaldehyde, 6-(heptanoic acid mo-

compounds), coumarincarboxaldehydes, and some otherg,gether)-2-naphthaldehyde, and 7-(dimethylamino)coumarin-
show that the lower thel, value with ALDH-2, the slower 4-carboxaldehyde.

their oxidation. In terms of energy profiles, this suggests
that in each case the transition state is essentially the sam
and that better binding (if th&,, value is a measure of 'REFERENCES
binding) does not lower the energy level of the transition Ambroziak, W., & Pietruszko, R. (1991). Biol. Chem 266
state and, hence, that better binding is largely nonproductive. " 1301113018.
Substitution of aromatic aldehydes in the second position Bradford, M. M. (1976)Anal. Biochem 72, 248-254.
(orthoin benzaldehydes) generally leads to a highgralue Cornish-Bowden, A. (197%undamentals of Enzyme Kinetigmp
for ALDH-2 (Table 5), except fob-nitrobenzaldehyde, the 82-84, Butterworth, London and Boston.

Km of which is 3 times lower than that of unsubstituted Eli%rélig%' & Topper, Y. J. (1962iochim Biophys Acta 64

benzaldehyde (6.3 and 18 nM, respectively). All other Handbook of Practical Data, Techniques and Referer(@€32)

2-substituents decrease apparent binding, particularly 2-hy- (Gordon, A. J., & Ford, R. A., Eds.) pp 14347, Wiley, New
droxy groups, until in the case ofhydroxybenzaldehyde it York and London.
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