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Abstract-Biotransformation of the biologically and pharmacologically important aldehydes, retin- 
aldehyde and aldophosphamide, is mediated, in part, by NAD(P)-dependent aldehyde dehydrogenases 
catalyze the oxidation of the aldehydes to their respective acids, retinoic acid and carboxyphosphamide. 
Not known at the onset of this investigation was which of the several known human aldehyde dehydro- 
genases (ALDHs) catalyze these reactions. Thus, human liver aldehyde dehydrogenases were chro- 
matographically resolved and the ability of each to catalyze the oxidation of retinaldehyde and 
aldophosphamide was assessed. Only one, namely ALDH-1, catalyzed the oxidation of retinaldehyde; 
the K,,, value was 0.3 PM. Three, namely ALDH-1, ALDH-2 and succinic semialdehyde dehydrogenase, 
catalyzed the oxidation of aldophosphamide; K, values were 52, 1193, and 560pM, respectively. 
ALDH4, ALDH-5 and betaine aldehyde dehydrogenase did not catalyze the oxidation of either 
aldophosphamide or retinaldehyde. ALDH-1 and succinic semialdehyde dehydrogenase accounted for 
64 and 30%, respectively, of the total hepatic aldehyde dehydrogenase-catalyzed aldophosphamide 
(16OpM) oxidation. ALDH-l-catalyzed oxidation of aldophosphamide was noncompetitively inhibited 
by chloral hydrate; the Ki value was 13pM. ALDH-2- and succinic semialdehyde dehydrogenase- 
catalyzed oxidation of aldophosphamide was relatively insensitive to inhibition by chloral hydrate. These 
observations strongly suggest an important in vivo role for ALDH-1 in the catalysis of retinaldehyde 
and aldophosphamide biotransformation. Succinic semialdehyde dehydrogenase-catalyzed biotransform- 
ation of aldophosphamide may also be of some in vivo importance. 

NAD(P)-linked aldehyde dehydrogenases (AHD; 
ALDH$) catalyze the biotransformation of a 
wide variety of biologically and pharmacologically 
important aldehydes [l, 21. For example, acet- 
aldehyde, a toxic intermediate generated during 
ethanol metabolism, and aldophosphamide, the 
penultimate aldehyde metabolite of the anticancer 
drug cyclophosphamide, are detoxified by aldehyde 
dehydrogenase-catalyzed oxidation to the corre- 
sponding carboxylic acids [2-4]. Further, aldehyde 
dehydrogenases catalyze the oxidation (bioac- 
tivation) of retinaldehyde, a vitamin A metabolite 
and cleavage product of pcarotene, to retinoic acid, 

* Descriptions of parts of this investigation have appeared 
in abstract form [Dockham et al., Pharmacologist 32: 156, 
1990; Lee et al., Pharmacologist 32: 156, 19901 and in the 
proceedings of a workshoo 1Sladek et al.. In: Advances in 
kxperimeital Medicine dnh Biology (Eds. Weiner H, 
Wermuth B and Crabb DW1. Vol. 284. III). 97-104. Plenum 
Press, New York, 19901. ” ’ ’ ’ 

t Corresponding author: Dr. Norman E. Sladek, 
University of Minnesota, Department of Pharmacology, 3- 
249 Millard Hall, 435 Delaware Street S.E., Minneapolis, 
MN 55455. Tel. (612) 625-0691; FAX (612) 625-8408. 

$ Abbreviations: AHD, mouse aldehyde dehydrogenase; 
ALDH, human aldehyde dehydrogenase; MES, 2-[N- 
morpholinol-ethanesulfonic acid; PI, isoelectric point; 
SDS, sodium dodecyl sulfate; BADH, betaine aldehyde 
dehydrogenase; 
dehydrogenase. 

and SSDH, succinic semialdehyde 

a potent modulator of cell growth and differentiation 
[S-8]. 

Mouse liver contains eleven aldehyde dehydro- 
genases (AHDs 1-3, 5, 7-13), plus an additional 
NAD-dependent enzyme, xanthine oxidase 
(dehydrogenase form), that catalyze the NAD(P)- 
dependent oxidation of aldo hosphamide, acet- 
aldehyde, benzaldehyde, and or octanal to their P 
respective carboxylic acids [9]. At least two additional 
aldehyde dehydrogenases (AHDs 4 and 6) are not 
found in liver but are present in other mouse tissues 
[lo]. AHD4 and nine of the hepatic enzymes 
catalyze the oxidation of aldophosphamide to 
carboxyphosphamide [9]. Xanthine oxidase 
(dehydrogenase form) and two hepatic aldehyde 
dehydrogenases catalyze the oxidation of reti- 
naldehyde to retinoic acid [8]. AHD-2, the major 
cytosolic aldehyde dehydrogenase, catalyzes the 
bulk of the total hepatic oxidation of both 
aldophosphamide and retinaldehyde. Apparent 
homologs of some of the mouse enzymes have been 
found in human livers (Table 1). 

Five aldehyde dehydrogenases, viz. ALDHs 1-5, 
that catalyze the oxidation of acetaldehyde and 
benzaldehyde to their corresponding acids have been 
identified in human livers [2,4,12]. Also present in 
this tissue are at least two relatively substrate-specific 
“aldehyde dehydrogenases”, viz. betaine aldehyde 
dehydrogenase (BADH) [13] and y-aminobutyr- 
aldehyde dehydrogenase [14]. Finally, yet another 
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Table 1. Human homologs of mouse aldehyde dehydrogenases* 

Mouse Humant Human+ Enzyme type5 

AHD-1 ALDH-4 ALDH-IV Glutamic-y-semialdehyde dehydrogenase 
AHD-2 ALDH-1 ALDH-II Low K,,, cytosolic 
AHD3 ALDHJ ALDH-V Microsomal 
AHD-4 ALDH311 ALDH-III/( High Km cytosolic 
AHD-5 ALDH-2 ALDH-I Low Km mitochondrial 
AHD-9 BADH BADH Betaine aldehyde dehydrogenase 
AHD-12 SSDH SSDH Succinic semialdehyde dehydrogenase 

* According to Manthey et al. [9] and references cited therein. 
t Nomenclature used in this manuscript. 
$ Nomenclature used by Manthey et al. [9]. 
8 Km refers to the Km obtained when acetaldehyde is the substrate. 
11 ALDH3 may be the human homolog of AHD-4 [ll] but this remains to be established. 

relatively substrate-specific “aldehyde dehydro- 
genase”, viz. succinic semialdehyde dehydrogenase 
(SSDH), while heretofore not reported in human 
liver, has been identified in human brain [15] and in 
mouse liver [9]. 

Not known is which of the human aldehyde 
dehydrogenases catalyze the oxidation of aldo- 
phosphamide and retinaldehyde to their cor- 
responding acids. The present investigation was 
designed to identify these enzymes and to determine 
the relative contribution of each to the oxidation of 
aldophosphamide and retinaldehyde in human liver 
samples obtained from transplant donors. 

MATERIALS AND METHODS 

Materials 

4-Hydroperoxycyclophosphamide was provided 
by Dr. Jorge Pdhl, Asta-Werke AG, Bielefeld, 
FRG. Acetaldehyde, benzaldehyde, octanal, all- 
trans-retinaldehyde (95%), all-trans-retinoic acid, 
tetraphenylethylene, dimethyl sulfoxide (99+%), 
and methyl sulfide (99+%) were purchased from 
the Aldrich Chemical Co., Milwaukee, WI. As 
judged by HPLC/spectrophotometry [8], all-trans- 
retinaldehyde was retinoic acid-free but cis- 
retinaldehyde (~1% of total) was sometimes present. 
NAD+, NADP+, NADH, glutathione (reduced 
form), pyrazole, pyridoxal HCl, betaine aldehyde, 
succinic semialdehyde, y-aminobutyraldehyde di- 
ethylacetal (90%), DL-Al-pyrroline-5-carboxylate- 
2,4_dinitrophenylhydrazone, xanthine, bovine serum 
albumin (crystallized and lyophilized), Lubrol@, 
Reactive Blue 2Sepharose CL-BB, and silica gel 
(70-220 mesh) were purchased from the Sigma 
Chemical Co., St. Louis, MO. YM-30 ultrafiltration 
membranes were purchased from Amicon Division, 
W. R. Grace & Co., Danvers, MA. DEAE- 
Sephacel, 5’-AMP-Sepharose, Polybuffer Exchanger 
94, Polybuffer 74, PD-10 columns, Ampholine 
PAGplates@ (pH 3.5 to 9.5) and an isoelectric point 
marker kit were purchased from Pharmacia LKB 
Biotechnology, Piscataway, NJ. EDTA and HPLC- 
grade solvents were obtained from Fisher Scientific, 
Ltd., Los Angeles, CA, and the latter were 
filtered through 0.45 pm Durapore filters (Millipore, 

Bedford, MA) prior to use. The Bio-Rad Protein 
Assay Dye Reagent Concentrate was purchased 
from Bio-Rad Laboratories, Richmond, CA. Chloral 
hydrate was obtained from the University of 
Minnesota Hospital Pharmacy, Minneapolis, MN. 

Aldophosphamide was generated in aqueous 
solution by the chemical reduction of 4-hydro- 
peroxycyclophosphamide as described previously [9] 
except that purer (99+% vs 98%) methyl sulfide 
was used as the reducing agent. Glutamic-y- 
semialdehyde was prepared from DL-Al-pyrroline- 
5-carboxylate-2,4_dinitrophenylhydrazone as de- 
scribed by Mezl and Knox [16]. y-Aminobutyr- 
aldehyde was prepared fresh daily from y- 
aminobutyraldehyde diethylacetal and was partially 
purified by passage through a 1.0 x 6.5 cm silica gel 
column according to the procedure of Ambroziak 
and Pietruszko [17] . It was held at pH 6.5 until just 
before use. 

Human liver samples were obtained from 
three Caucasian donors through the Liver Tissue 
Procurement and Distribution System, University of 
Minnesota, Minneapolis, MN. Donors A and B died 
as a result of injuries sustained in motor vehicle 
accidents. An intracerebral aneurysm lead to the 
death of Donor C. Age and sex of each donor are 
given in Table 2. All of the donors had been 
maintained by a life-support system until organ 
removal. The supplier certified all livers as 
nonpathological. Liver samples obtained from 
Donors A and B were kept at O-4” and were 
delivered to us within 12 hr of donation. The former, 
and subcellular fractions thereof, were assayed 
immediately for aldehyde dehydrogenase activity, 
that is, without ever being frozen. A portion of the 
latter was homogenized immediately and submitted 
to centrifugation to obtain 105,OOOg soluble and 
particulate fractions which were then assayed 
immediately for aldehyde dehydrogenase activity, 
that is, without ever being frozen; the remaining 
portion was frozen at -70” and then stored at this 
temperature until used. Tlie liver sample obtained 
from Donor C was frozen at -70” within 4 hr of 
donation and was stored at this temperature until 
used. 

Preparation of hepatic fractions 

Human liver 105,OOOg soluble, and solubilized 
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particulate, fractions were prepared as previously 
described for mouse liver [9] except that 0.3% 
Lubrol@, rather than 0.3% deoxycholate, was used 
to solubilize 105,000 g particulate fractions. Lubrol@- 
treated whole homogenates were prepared as 
follows. Liver was cut into 2-mm slices and 
homogenized in ice-cold homogenization medium 
(1.15% KCI solution containing 0.3% Lubrol@ and 
l.OmM EDTA, pH7.4) with a Dounce homo- 
genizer. Homogenates (20%) were centrifuged at 
105,OOOg and 4” for 60 min. The supernatants 
were assayed for protein content and aldehyde 
dehydrogenase activity, and were submitted to anion 
exchange chromatography or were frozen at -70 
and thawed immediately prior to chromatography 
or electrophoresis. 

Chromatographic resolution and semipurification of 
human hepatic aldehyde dehydrogenases 

DEAE-Sephacel, 5’-AMP-Sepharose, and chro- 
matofocusing column chromatography were per- 
formed at 4” as described previously [9]. Dye resin 
affinity column chromatography with Reactive Blue 
2-Sepharose CLdB was performed at 4” utilizing a 
20 cm/hr linear flow rate and a 1.5 X 8 cm column. 
Protein concentrations of sam les loaded onto 
columns never exceeded 20 mg mL and typically P 
were much less. Elution of aldehyde dehydrogenase 
activity off these columns was monitored using the 
spectrophotometric aldehyde dehydrogenase assay 
described previously [9]. The NaCl concentration of 
selected eluate fractions was determined with an 
Atago refractometer. The pH of selected eluate 
fractions was determined with a Corning glass pH 
electrode. Where indicated, the volume of pooled 
eluate fractions was reduced using an Amicon 
ultrafiltration stirred-cell apparatus fitted with a YM- 
30 membrane and pressurized under nitrogen. 
Transfer of enzyme fractions from one salt/buffer 
solution to another was accomplished with Pharmacia 
PD-10 gel filtration columns. Additional details are 
presented in the figure legends and in Results. 

Protein determination 

Elution of protein from chromatography columns 
was routinely monitored at 280 nm with an IX0 
UA-5 absorbance monitor. The protein content of 
crude tissue fractions and selected column pools was 
determined by the Coomassie Brilliant Blue dye 
binding assay [18] using commercially available Bio- 
Rad Protein Assay Reagent and bovine serum 
albumin as the standard. 

Isoelectric focusing 

Isoelectric focusing was carried out as described 
previously [9] except that commercially available 
Ampholine PAGplates@ (pH 3.5 to 9.5) were used. 
Substrates used to visualize aldehyde dehydro- 
genases were acetaldehyde (4 mM), glutamic-y- 
semialdehyde (200 PM), octanal (100 PM), betaine 
aldehyde (50 PM), and succinic semialdehyde 
(100 PM). 

Assays for aldehyde dehydrogenase activity 

Except that a Beckman DU-70 recording spectro- 

photometer was used to monitor the appearance of 
NAD(P)H at 340 nm, spectrophotometric and 
HPLC/spectrophotometric assays were used as 
described previously [8,9] to quantify aldehyde 
dehydrogenase activity at 37”. The reaction mixture 
(1 mL, pH8.2) contained 4mM NAD, 32 mM 
tetrasodium pyrophosphate, 0.1 mM pyrazole, 5 mM 
glutathione, 1 mM EDTA, the substrate of interest, 
and crude fraction or (semi)purified aldehyde de- 
hydrogenase. Rates expressed per g liver are per g 
wet weight liver. The freezing, storage and thawing 
conditions were such that the wet weight of liver 
that had been frozen did not differ from that obtained 
before freezing. 

Kinetic analysis 

Prior to kinetic analysis (as well as to isoelectric 
focusing), (semi)purified enzymes were first sep- 
arated (when necessary) from polybuffer and then 
were transferred, with the aid of PD-10 columns, into 
20 mM triethanolamine buffer, pH 7.4, containing 
l.OmM dithiothreitol, and 0.1 mM EDTA; sub- 
sequently, these preparations were adjusted to 25% 
glycerol. Typically, 100 PL of these preparations was 
used in the aldehyde dehydrogenase assay reaction 
mixture. K,,,, and where indicated, V,,,,,, values for 
the catalysis of retinaldehyde (5 PM), acetaldehyde 
(10~M),octana1(lOyM),betainea1dehyde(10~M), 
and succinic semialdehyde (10 PM) oxidation by 
ALDH-1, ALDH-2, ALDH5, BADH, and SSDH, 
respectively, were determined by the integrated 
Michaelis method of analysis of single enzyme 
progress curves [19]. Double-reciprocal plots of 
initial rates versus substrate concentrations were 
used to estimate all other K,,, and V,,,,, values. Four 
to ten substrate concentrations were used to generate 
each pair of K,,, and V,,,,, values. Wilkinson weighted 
linear regression analysis [20] was used to fit lines 
to the double-reciprocal plot values. Computer- 
assisted unweighted regression analysis was carried 
out using the STATView@ (Brainpower, Inc., 
Calabas, CA) statistical program to generate all 
other straight line functions. 

RESULTS 

Aldehyde dehydrogenase activity was measured 
in LubrolQolubilized whole homogenates prepared 
from liver samples obtained from each of three 
donors (Table 2). The mean aldehyde dehydrogenase 
activities were 7.1,2.1 and 0.3 pmol/min/g liver when 
acetaldehyde (4 mM), aldophosphamide (160 PM) 
and retinaldehyde (25 PM), respectively, were the 
substrates. A fourth sample, obtained from yet 
another donor and held at O-4” for more than 36 hr 
after surgical removal, showed approximately 30% 
of the enzyme activities observed in Donors A, B 
and C (data not presented). As judged by iso- 
electric focusing patterns, all donors exhibited the 
normal Caucasian phenotype [2] with regard to 
NAD-dependent acetaldehyde-metabolizing 
enzymes (data not shown). Approximately 80% of 
thetotalenzyme-catalyzedoxidationofretinaldehyde 
to retinoic acid in each sample was NAD dependent 
(data not shown). Pyridoxal (1 mM), a known 
inhibitor of aldehyde oxidase, inhibited 44% of 
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Table 2. Aldehyde dehydrogenase activity in Lubrol@-solubilized whole homogenates obtained 
from human livers* 

Age 
Aldehyde dehydrogenase activity (pmol/min/g liver) 

Donor (years) Sex Acetaldehyde Aldophosphamide Retinaldehyde 

A 2.5 Male 6.4 2.4 0.3 
22 Male 1.5 1.8 0.3 
51 Female 1.4 2.2 0.3 

* Donor tissue was held at W for less than 12 hr and assayed for enzyme activity (Donor A), 
or was stored at -70” for several weeks (Donors B and C), prior to assay. Livers were homogenized 
in the presence of 0.3% Lubrol@ and the 105,OOOg supernatant fractions prepared from these 
homogenates were assayed for NAD-dependent aldehyde dehydrogenase activity as described in 
Materials and Methods. The spectrophotometric assay was used to determine enzyme activity 
when acetaldehyde (4 mM) and aldophosphamide (160 PM) were the substrates. The HPLC/ 
spectrophotometric assay was used to determine enzyme activity when retinaldehyde (25 PM) 
was the substrate. Values are means of two determinations. 

Table 3. Aldehyde dehydrogenase activity in soluble, and solubilized particulate, fractions obtained 
from human livers* 

Aldehyde dehydrogenase activity (ymol/min/g liver) 

Substrate 

Acetaldehyde 
Aldophosphamide 
Retinaldehyde 

Donor A 

Soluble Particulate 

3.7 2.6 
2.6 0.8 
0.4 0.0 

Donor B 

Soluble Particulate 

4.6 4.1 
2.7 0.5 
0.5 0.0 

Donor C 

Soluble Particulate 

6.1 1.1 
2.5 0.2 
NDt ND 

* Soluble, and solubilized particulate, fractions were prepared from donor livers that had been held 
at O-4” for less than 12 hr (Donors A and B), or that had been stored at -70” for several weeks 
(Donor C), prior to cell fractionation and assay. The spectrophotometric assay was used to determine 
enzyme activity when acetaldehyde (4 mM) and aldophosphamide (160 ,uM) were the substrates. The 
HPLC/spectrophotometric assay was used to determine enzyme activity when retinaldehyde (25 PM) 
was the substrate. Values are from single, or means of duplicate, determinations. 

t ND: not determined. 

the retinaldehyde oxidation catalyzed by NAD- 
independent enzymes present in a 105,000 g soluble 
fraction prepared from Donor B liver that had never 
been frozen. 

Aldehyde dehydrogenase activity was also 
measured in 105,000 g soluble, and solubilized 
particulate, fractions prepared from liver samples 
that had never been frozen (Donors A and B) and 
a sample that had been frozen (Donor C) (Table 3). 
In agreement with the experience of others [21], 
freezing apparently affected the distribution of 
aldehyde dehydrogenase activity between the soluble 
and solubilized particulate fractions. Thus, for 
example, about 45% of total aldehyde dehydro- 
genase-catalyzed acetaldehyde oxidation occurred in 
the particulate fraction when the liver sample had 
never been frozen (Donors A and B), but only about 
15% did so when it had (Donor C). Isoelectric 
focusing analysis showed an increased presence of 
particulate enzymes in the soluble fraction when 
previously frozen liver was the source of these 
fractions as compared to that observed when liver 
samples that had never been frozen were the source 

(data not shown). It should also be noted that 
enzyme activity in the whole homogenate prepared 
from a liver sample that had been frozen previously 
(Table 2, Donor B) was substantially less than was 
the sum of the activity in the subcellular fractions 
obtained from a fresh liver sample from the same 
donor (Table 3, Donor B). This observation could 
be interpreted in several ways. One is that freezing 
causes some loss of enzyme activity. 

In subsequent experiments, individual human liver 
aldehyde dehydrogenases were resolved chro- 
matographically so that each could be examined 
for its ability to catalyze the oxidation of 
aldophosphamide and retinaldehyde. Frozen liver 
from Donor C was used as the starting material 
because of limited availability of fresh tissue. 
Subcellular fractionation into soluble and solubilized 
particulate fractions was not effected prior to column 
chromatography in the first part of this undertaking 
because preliminary isoelectric focusing experiments 
revealed that large amounts of enzymes known to 
localize in the particulate fraction were present in 
the soluble fraction prepared from frozen liver, uide 
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supra. Thus, liver tissue was homogenized directly 
in a 1.15% KC1 solution containing 0.3% Lubrol@ 
and 1 mM EDTA, pH 7.4; the homogenate was then 
submitted to successive ion exchange, affinity, 
and chromatofocusing column chromatography as 
described below. The substrates used to monitor the 
chromatographic separation included acetaldehyde, 
benzaldehyde, octanal, aldophosphamide, retin- 
aldehyde, succinic semialdehyde, glutamic-y-semi- 
aldehyde, y-aminobutyraldehyde, and/or betaine 
aldehyde. 

Chromatographic separation of human hepatic alde- 
hyde dehydrogenases 

DEAE-Sephacel chromatography of a LubroR 
solubilized whole homogenate. A 105,000 g super- 
natant fraction prepared from a Lubrol@‘-treated 
liver whole homogenate was first submitted to 
DEAE-Sephacel column chromatography (Fig. 
1A). Based on aldehyde dehydrogenase-catalyzed 
oxidation of the substrates used to monitor enzyme 
activity, the eluant was divided into seven pools. 

Pools 1 and 2 each showed the highest 
aldehyde dehydrogenase activity with glutamic-y- 
semialdehyde as the substrate (data not shown). 
Smaller amounts of activity were observed with 
succinic semialdehyde and aldophosphamide as 
substrates. No activity was detected in either pool 
with retinaldehyde as the substrate. Thirteen percent 
of the total recovered aldehyde dehydrogenase- 
catalyzed oxidation of aldophosphamide was by 
enzyme(s) present in Pools 1 and 2. 

The enzyme(s) in Pool 3 showed a marked 
preference for succinic semialdehyde as the substrate; 
to a lesser extent, the oxidation of aldophosphamide 
and glutamic-y-semialdehyde, but not that of retin- 
aldehyde, was catalyzed by this pool. Approximately 
17% of the total recovered aldehyde dehydro- 
genase-catalyzed oxidation of aldophosphamide was 
by enzyme(s) present in Pool 3. 

Two closely spaced peaks of enzyme activity eluted 
next (Pools 4 and 5). The enzymes in each pool 
showed a marked preference for acetaldehyde as the 
substrate. These pools and the eluate in the gap 
between Pools 3 and 4 were the only ones 
that catalyzed the NAD-dependent oxidation of 
retinaldehyde; moreover, approximately 70% of the 
total recovered aldehyde dehydrogenase-catalyzed 
oxidation of aldophosphamide was by enzyme(s) 
present in these fractions. In the case of both 
aldphosphamide and retinaldehyde, the vast majority 
of the enzyme activity was present in Pool 4. Clearly, 
however, some was also present in Pool 5 although 
it could not be ascertained at this point whether 
this activity was due to the same enzyme(s) present 
in Pool 4 or to another enzyme. In the case of 
retinaldehyde, the former was suspected because 
there was no observable shoulder to the enzyme 
activity peak. In the case of aldophosphamide, the 
latter was thought to be the case because there was 
a clearly observable shoulder present. 

Next to elute was a peak of enzyme activity for 
which betaine aldehyde was the preferred substrate 
(Pool 6). The enzyme(s) in this pool did not catalyze 
the oxidation of aldophosphamide or retinaldehyde. 

A final peak of enzyme activity (acetaldehyde, 

octanal, benzaldehyde) was collected into Pool 7; 
the enzyme(s) in this pool did not catalyze the 
oxidation of either aldophosphamide or retinalde- 
hyde. 

Three “aldehyde dehydrogenases” found in human 
liver samples by others, viz. y-aminobutyraldehyde 
dehydrogenase [14], ALDH3 [22], and xanthine 
oxidase (dehydrogenase form) [23, 241, were not 
detected in this liver preparation. y-Amino- 
butyraldehyde dehydrogenase-catalyzed oxidation 
of y-aminobutyraldehyde (100 PM) was not observed 
when DEAE pools were assayed for this activity. 
ALDH-3 was not present as judged by the fact that 
no ALDH activity with a preference for benzaldehyde 
as substrate and NADP as cofactor was observed 
during chromatography on DEAE-Sephacel. 
Further, when the DEAE pools were submitted to 
isoelectric focusing, no ALDH activity (NADP/ 
benzaldehyde) was observed in the pH range (5.9 
to 6.4) where ALDH3 is reported to focus [22]. 
Others have also observed that ALDH-3 is not 
expressed in all human liver specimens [25]. NAD- 
dependent xanthine oxidase-catalyzed oxidation of 
xanthine (50,uM) was not observed when the 
Lubrol@-solubilized whole homogenate was assayed 
for this activity. Xanthine oxidase activity has been 
observed previously to be lower in humans and 
carnivores than in rodents and herbivores [24], and 
to be lost during storage or upon freezing [12]. 

DEAE Pool 1, 2 and 3 ALDH activity: Further 
resolution andpurification, and enzyme identification. 
Qualitatively similar profiles of enzyme activity were 
observed when DEAE Pools 1, 2, and 3 were 
subjected to affinity chromatography on Reactive 
Blue 2Sepharose (Fig. 1, B, C, and D). The relative 
peak sizes differed but in all three cases an initial 
peak of enzyme activity with a marked preference 
for glutamic-y-semialdehyde as the substrate eluted 
when a 25 mM sodium phosphate buffer, pH 7.4, 
was passed through the column, and a second peak 
of enzyme activity with a marked preference for 
succinic semialdehyde as the substrate eluted when 
this buffer was supplemented with 0.7 M NaCl and 
1 mM NAD. Hence, these enzymes were identified 
as glutamic-y-semialdehyde dehydrogenase, aka 
ALDH-4, and SSDH, respectively. Several ad- 
ditional observations supported these conclusions. 

Upon isoelectric focusing, the enzyme identified 
as ALDH-4 resolved into two major bands with p1 
values of 6.7 and 6.9 (Table 4) which stained 
preferentially with glutamic-y-semialdehyde as sub- 
strate. These pI values are characteristic of ALDH- 
4 [26]. Some additional lower p1 bands were also 
observed; others have also observed these lower p1 
bands [26]. They noted that the presence and 
intensity of these bands varied with time, storage 
conditions, and repeated freezing and thawing. 
Finally, the K, value of 238pM for enzyme- 
catalyzed oxidation of glutamic-y-semialdehyde 
(Table 4) is similar to the previously reported value 
of 17OpM for ALDH4-catalyzed oxidation of this 
substrate [26]. 

The enzyme identified as SSDH was further 
purified with the aid of a 5’-AMP-Sepharose column 
(experiment not shown). No enzyme activity eluted 
when the column was washed with a 25 mM MES 
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Fig. 1. Chromatographic separation of human liver aldehyde dehydrogenases. (A) A 105,OOOg 
supernatant fraction obtained from a Lubrol”-treated whole homogenate prepared from a liver sample 
(6.7 g) originally obtained from Donor C and then frozen, was transferred, with the aid of Pharmacia 
PD-10 cotumns, from homogenization medium into a 20 mM imidazoie buffer, pH 7.4 (buffer A). ‘fhe 
latter preparation (110mL) was loaded onto a DEAE-Sephacel column equilibrated with buffer A. 
The loaded column was eluted with 300 mL of buffer A, then with 470 mL of a 20 mM imidazole buffer, 
pH 6.8 (buffer B), and then with a 0 to 0.2 M NaCl gradient (900 mL) generated in buffer B. Elution 
was completed with 100 mL of buffer B adjusted to 0.7 M NaCI. Buffers A and B also contained 0.3% 
Lubrol*. (B) DEAE Pool 1 ALDH activity (400 mL) was concentrated U-fold and then 28 mL of the 
concentrated pool was transferred into a 25 mM MES buffer, pH 6.6 (buffer C). This preparation was 
diluted to 95 mL with buffer C and then loaded onto a Reactive Blue 2-Sepharose column eq~librated 
with buffer C. The loaded column was developed as delineated at the top of the panel: {a) DEAE Pool 
1 enzyme in buffer C followed by buffer C; (b) 25 mM sodium phosphate buffer, pH7.4 (buffer D); 
and (c) buffer D containing 1 mM NAD and 0.7M NaCI. (C) DEAE Pool 2 ALDH activity 
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Table 4. Isoelectric point and K,,, values that were obtained and used to identify 
human liver aldehyde dehydrogenases 

ALDH 

1 
2 
4 
5 

BADH 
SSDH 

Substrate PI* 

Acetaldehyde 5.2 
Acetaldehyde 4.9 
Glutamic-y-semialdehydet 6.1, 6.9 
Octanal 6.0-6.8 
Betaine aldehyde 6.5 
Succinic semialdehyde 6.0-7.5 

K,t (PM) 

483 
co.1 
238 
co.1 

0.3 
co.1 

* Isoelectric point values were determined for each (semi)purified aldehyde 
dehydrogenase as described in Materials and Methods and in the legend to Fig. 
2. Values are either from one determination or are the means of two to three 
determinations, each made on a separate gel. 

t Aldehyde dehydrogenase activity was measured as described in Materials and 
Methods using the spectrophotometric assay. Double-reciprocal plots of initial 
rates (duplicate determinations) versus six to seven substrate concentrations were 
used to generate the kinetic constants for ALDHs 1 and 4; values are from single 
experiments. Integrated Michaelis equation analysis of single enzyme progress 
curves was used to generate the kinetic constants for ALDHs 2 and 5, and for 
succinic semialdehyde dehydrogenase and betaine aldehyde dehydrogenase; values 
are the means of three determinations. 

$ In aqueous solution, glutamic-y-semialdehyde exists in equilibrium with its 
tautomer, DL-A’-pyrrohne-5-carboxylate. No attempt was made to differentiate 
between the tautomers, i.e. glutamic-y-semialdehyde concentration was considered 
to be the total of glutamic-y-semialdehyde and DL-A’-pyrroline-5-carboxylate 
concentrations. 

buffer, pH 6.6, or with the same buffer supplemented 
with 0.2 mM NAD. A single peak of enzyme activity 
(succinic semialdehyde) eluted when the column was 
subsequentlywashedwitha25 mMsodiumphosphate 
buffer, pH 7.4, containing 0.7 M NaCl and 1 mM 
NAD. When visualized by either Coomassie Blue 
(protein) staining (data not shown) or by enzyme 
activity staining with succinic semialdehyde as 
substrate (Fig. 2), the enzyme thus obtained focused 
as several bands in the pH range 6.0 to 7.5. No 
bands appeared when glutamic-y-semialdehyde was 
used as substrate in the enzyme activity stain. 

Multiple banding in the pH range of 6.3 to 7.2 has 
been reported for human brain SSDH [15]. 
Moreover, despite different assay conditions, the K,,, 
value of <O. 1 yM for enzyme-catalyzed oxidation of 
succinic semialdehyde (Table 4) is grossly similar to 
the previously reported values of 0.7 and 2 PM for 
human brain SSDH-catalyzed oxidation of this 
substrate [ 151. 

SSDH catalyzed the oxidation of aldophos- 
phamide, but ALDH-4 did not (Table 5). Neither 
catalyzed the oxidation of retinaldehyde (Table 5). 

DEAE Pool 4 ALDH activity: Furtherpurification, 

Fig. 1. Continued 
(325 mL) was concentrated 11-fold and 15 mL of the concentrated preparation was then transferred into 
buffer C. This ureoaration was diluted to 65 mL with buffer C and then loaded onto a Reactive Blue 2- 
Sepharose colimn’equilibrated with buffer C. The loaded column was developed as delineated at the top 
of the panel: (a) DEAE Pool 2 enzyme in buffer C followed by buffer C; (b) buffer D; and (c) buffer D 
containing 1 mM NAD and 0.7 M NaCI. (D) DEAE Pool 3 ALDH activity (100 mL) was concentrated S- 
fold and then transferred into buffer C. This preparation was diluted to 90 mL with buffer C and 80 mL of 
the diluted preparation was then loaded onto a Reactive Blue 2-Sepharose column equilibrated with buffer 
C. The loaded column was developed as delineated at the top of the panel: (a) DEAE Pool 3 enzyme in 
buffer C followed by buffer C; (b) buffer D; and (c) buffer D containing 1 mM NAD and 0.7 M NaCI. (E) 
DEAE Pool 4 ALDH activity (30 mL) was concentrated 3-fold and then transferred into buffer C. This 
preparation was diluted to 50 mL with buffer C and then loaded onto a 5’-AMP-Sepharose column equi- 
librated with buffer C. The loaded column was developed as delineated at the top of the panel: (a) DEAE 
Pool 4 enzyme in buffer C followed by buffer C; (b) 125 mM sodium phosphate buffer, pH 7.4 (buffer E) 
containing 0.7 mM NAD; and (c) buffer D containing 1 mM NAD and 0.7 M NaCl. In all panels, all buffers 
referred to also contained 1 mM dithiothreitol and 0.1 mM EDTA. Eluate was collected in fractions of 5- 
10 mL. Substrates used to monitor ALDH activity included 160 pM aldophosphamide (a), 5 pM reti- 
naldehyde (A), 4 mM acetaldehyde (0), 100 pM succinic semialdehyde (0) and 200 pM glutamic-y-sem- 
ialdehyde (m). Not all of the data obtained with these substrates is shown, nor is any of the data obtained 
when benzaldehyde (4 mM), octanal (100 yM), y-aminobutyraldehyde (200 PM), or betaine aldehyde 

(50 PM) was used as the substrate. 
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5.2 

4.6 

PH a b c d 
Fig. 2. Isoelectric focusing of relevant hepatic aldehyde 
dehydrogenases. ALDHs 1 and 2 (eluted from Polybuffer 
Exchanger columns), succinic semialdehyde dehydrogen- 
ase (eluted from a S’-AMP-Sepharose column), and p1 
standards were subjected to isoelectric focusing. The 
amount of each enzyme loaded onto the gel was sufficient 
to generate 5-10 nmol NADH/min as determined by the 
spectrophotometric aldehyde dehydrogenase assay and the 
substrates with which the enzyme was ultimately stained. 
The nitroblue tetrazolium-based enzyme activity stain was 
used to visualize the aldehyde dehydrogenases present in 
lanes b, c and d. The aldehydes used as substrates were 
acetaldehyde (4mM) for ALDHs 1 and 2, and succinic 
semialdehyde (100 PM) for SSDH. Coomassie Brilliant 
Blue was used to stain lane a. Lane a, p1 standards; 
lane 6, ALDH-1; lane c, ALDH-2; and lane d, SSDH. 
Additional details are presented in Materials and Methods. 

and enzyme identification. DEAE Pool 4 ALDH 
activity was loaded onto a S-AMP-Sepharose column 
to which all of the aldehyde dehydrogenase activity 
bound (Fig. 1E). A single peak of enzyme activity 
eluted when a 125 mM sodium phosphate buffer, 
pH7.4, supplemented with 0.7mM NAD was 
subsequently passed through the column. 

Several observations supported the identification 
of this enzyme as ALDH-1. After further purification 
by chromatofocusing chromatography (Fig. 3A), the 
enzyme was subjected to isoelectric focusing; a single 

band with a p1 value of 5.2 was observed upon 
Coomassie Blue (protein) staining (data not shown) 
as well as upon enzyme activity staining with 
acetaldehyde as the substrate (Fig. 2 and Table 4). 
A p1 value of 5.2 is characteristic of ALDH-1 f22] 
but is also not unlike that reported for y- 
aminobutyraldehyde dehydrogenase [ 141. However, 
y-aminobutyraldehyde dehydrogenase focuses as a 
doublet; p1 values are 5.3 and 5.45 [14]. Moreover, 
ALDH-1 is known to bind to S-AMP-Sepharose 
[Zl]. The enzyme in question bound to the S-AMP- 
Sepharose column; ~-aminobut~aldehyde dehydro- 
genase would not be expected to bind to 5’-AMP- 
Sepharose under the experimental conditions used 
[14]. Finally, the K,,, value of 483 PM for enzyme- 
catalyzed oxidation of acetaldehyde (Table 4) is very 
similar to the previously reported value of 348pM 
for ALDH-1 [27]. 

ALDH-1 catalyzed the oxidation of both aldo- 
phosphamide and retinaldehyde (Table 5). 

DEAE Pool 5 ALDH activity: Further resolution 
and purification, and enzyme identification. Signiti- 
cant amounts of ALDH-1 were present in DEAE 
Pool 5. Preliminary experiments showed that 
resolution of ALDH-1 and the major enzyme in this 
pool by 5’-AMP-Sepharose and chromatofo~using 
chromatography was minimal. It was also noted in 
preliminary experiments with liver samples that had 
never been frozen, that the major aldehyde de- 
hydrogenase present in DEAE Pool 5 was present 
in the 105,OOOg pellet (particulate) fraction. ALDH- 
1 is a soluble enzyme. Therefore, in order to facilitate 
the purification of the major DEAE Pool 5 enzyme, 
it was decided to start with a preparation, viz. a 
Lubrol@-solubilized hepatic 105,000 g particulate 
fraction, that was virtually free of ALDH-1. The 
preparation was first submitted to DEAE-Sephacel 
column chromatography (Fig. 4A). A very minor 
peak of enzyme activity (a~taldehyde) eluted off 
the column first; it was closely followed by a major 
peak of enzyme activity (acetaldehyde). The last 
approximately two-thirds of the latter was collected 
into DEAE Pool 5’. DEAE Pool 5’ ALDH activity 
was then subjected to 5’-AMP-Sepharose affinity 
chromatography (Fig. 4B). Based on aldehyde 
dehydrogenase-catalyzed oxidation of the substrates 
used to monitor enzyme activity, the eluant was 
divided into three pools. The enzymes in all three 
pools showed a marked preference for acetaldehyde 
as substrate. As judged by isoelectric focusing, two 
aldehyde dehydrogenases were present in each pool, 
viz. a major band at pH 4.9 and a very minor band 
at pH5.2 (data not shown). Pool 9 was further 
purified by chromatography on a Reactive Blue 2- 
Sepharose column (Fig. 4C). A trace of enzyme 
activity (acetaldehyde) eluted when a 25 mM MES 
buffer, pH6.6, was passed through the column. A 
single peak of aldehyde dehydrogenase activity 
(acetaldehyde) eluted when the column was 
washed with a 125 mM phosphate buffer, pH 8.0, 
supplemented with 0.7 mM NAD. 

Several observations supported the identification 
of this enzyme as ALDH-2. After further purification 
by chromatofocusing column chromatography (Fig. 
3B), theenzyme wassubjected to isoelectric focusing; 
a single band with a pI value of 4.9 was observed 
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Table 5. Data used to conclude that some human aldehyde dehydrogenases catalyze the 
oxidation of aldophosphamide and/or retinaldehyde whereas others do not 
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Index valuet 

ALDH Reference substrate* Aldophosphamide Retinaldehyde 

1 Acetaldehvde 64.0 9.8 
2 Acetaldehide 2.5 0.3b 
4 Glutamic-v-semialdehvdet 0.04” O.Olb 
5 

BADH 
SSDH 

, 
Octanal ’ 
Betaine aldehyde 
Succinic semialdehyde 

0.2” 0.04b 
1.6” 0.06b 

15.6 0.09b 

* The indicated reference substrate for each enzyme was chosen as such because it was, 
or was one of, the preferred substrate(s) for that enzyme. 

t Index value = (the observed, or smallest detectable, rate of aldophosphamide or 
retinaldehyde oxidation) (lOO)/(rate of oxidation of reference substrate). Values of 0.06(a) 
and 0.03(b) nmol/min were used to calculate the index values for aldophosphamide and 
retinaldehyde oxidation, respectively, when there was no measurable rate observed because 
each was considered to be the smallest detectable rate. Thus, they were used to calculate 
the upper limits of the relative rate of enzyme-catalyzed aldophosphamide and retinaldehyde 
oxidation that might be occurring but not be detected. The spectrophotometric assay was 
used to quantify aldehyde dehydrogenase-catalyzed oxidation of aldophosphamide 
(160 PM), acetaldehyde (4 mM), glutamic-y-semialdehyde (2OOpM), octanal (100 PM), 
betaine aldehyde (50 PM) and succinic semialdehyde (100 PM). The HPLC/spectro- 
photometric assay was used to quantify aldehyde dehydrogenase-catalyzed oxidation of 
retinaldehyde (25 PM). 

$ Glutamic-y-semialdehyde concentration was calculated as described in Table 4. 

upon Coomassie Blue (protein) staining (data not 
shown), as well as upon enzyme activity staining 
using acetaldehyde as the substrate (Fig. 2 and Table 
4). This value is characteristic of ALDH-2 [22]. 
Despite the difference in assay consitions, the low 
K,,, value of ~0.1 PM for enzyme-catalyzed oxi- 
dation of acetaldehyde (Table 4) is grossly similar 
to the previously reported values of <l ,uM [28] and 
2.4 and 3 PM [21], for ALDH-2-catalyzed oxidation 
of this substrate. 

reported value of 10pM for oxidation of this 
substrate by BADH [13]. 

BADH did not catalyze the oxidation of 
aldophosphamide or retinaldehyde (Table 5). 

ALDH-2 catalyzed the oxidation of aldo- 
phosphamide but not that of retinaldehyde (Table 
5). 

DEAE Pool 6 ALDH activity: Further resolution 
and purification, and enzyme identification. 5’-AMP- 
Sepharose column chromatography was used to 
further resolve and purify DEAE Pool 6 ALDH 
activity (data not shown). An initial, small peak of 
enzyme activity with a marked preference for 
acetaldehyde eluted when a 25 mM sodium phosphate 
buffer, pH7.4, was passed through the column. A 
second peak of enzyme activity with a marked 
preference for betaine aldehyde eluted when a 
125 mM sodium phosphate buffer, pH7.4, was 
subsequently passed through the column. 

DEAE Pool 7 ALDH activity: Enzyme identi- 
fication. The aldehyde dehydrogenase present in 
DEAE Pool 7 showed a marked preference for 
aromatic and long chain aliphatic aldehydes. It was 
identified as ALDHJ on the basis of several criteria. 
First, it focused as a diffuse smear extending from 
pH5.5 to 7.5 with most of the enzyme activity 
appearing between pH 6.0 and 6.8 (Table 4). These 
values are consistent with those previously reported 
for ALDHJ [12]. Second, the K,,, value for oxidation 
of acetaldehyde by the enzyme in DEAE Pool 7 was 
in the millimolar range (data not shown) while the 
K,,, value of ~0.1 PM for the oxidation of octanal 
by this enzyme was much lower (Table 4). These 
values are consistent with the reports that ALDHJ 
shows a preference for long chain aldehydes as 
substrates [12,13]. 

ALDHJ did not catalyze the oxidation of either 
aldophosphamide or retinaldehyde (Table 5). 

On the basis of substrate preference and isoelectric 
focusing point, viz. 4.9, the first enzyme to elute was 
identified as ALDH-2. 

Michaelis-Menten kinetics and proportional import- 
ance of individual hepatic aldehyde dehydrogenases 
that catalyze the oxidation of aldophosphamide and 
retinaldehyde 

Several observations supported the identification During the chromatographic separation of the 
of the second enzyme to elute as BADH. It focused hepatic aldehyde dehydrogenases, careful records 
as a single band at a p1 value of 6.5, which stained were kept regarding the fraction of the total 
most intensely when betaine aldehyde was used as hepatic aldehyde dehydrogenase activity (160 PM 
the substrate (Table 4). Additionally, the K,,, value aldophosphamide, 25 PM retinaldehyde) that par- 
of 0.3 PM for enzyme-catalyzed oxidation of betaine 
aldehyde (Table 4) is grossly similar to the previously 

titioned with each aldehyde dehydrogenase; these 
values are presented in Table 6 under “% 
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I00 200 300 

Eluant, ml 

90 

6.0 ‘j+ 

Eluant, ml 

Fig. 3. Chromatofocusing of ALDH-1 and ALDH-2. (A) ALDH-1 recovered from the S-AMP- 
Sepharose column (Fig. 1E) was concentrated 4-fold and transferred, with the aid of PD-10 columns, 
into a 25 mM histidine buffer, pH 6.5 (buffer F). This preparation (18 mL) was diluted to 100 mL with 
buffer F and was loaded onto a column of Polybuffer Exchanger 94 that had been equilibrated with 
buffer F. The column was developed with 250 mL of 10% Polybuffer 74, pH 4.5, followed by 50 mL 
of this same buffer containing 0.7 M NaCI. The elution maximum was at pH 5.5. (B) ALDH-2 recovered 
from the Reactive Blue 2Sepharose column (Fig. 4C) was concentrated &fold and transferred into a 
25 mM histidine buffer, pH 6.2 (buffer G). This preparation (13 mL) was loaded onto a column of 
Polybuffer Exchanger 94 that had been equilibrated with buffer G. The column was developed with 
300 mL of 10% Polybuffer 74, pH 4.0, followed by 50 mL of this same buffer containing 0.7 M NaCI. 
The elution maximum was at pH5.3. In both panels, all buffers referred to also contained 1 mM 
dithiothreitol, 0.1 mM EDTA, and 20% glycerol. Eluate was collected in fractions of 2-8 mL. Substrates 
used to monitor ALDH activity were 160 PM aldophosphamide (0). 5 PM retinaldehyde (A) and 4 mM 

acetaIdehyde (0). 
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Eluant. ml 

5’ 

a I b ’ c 
5’-AMP 

7 

B” 

Eluant. ml 
I I I I 

8 9 10 

a ’ b ’ c ’ d 

C Blue 
Sepharose 

0 

120 El= 360 
ml 

Fig. 4. Chromatographic purification of human liver ALDH-2. (A) A Lubrol@-solubilized 105,OOOg 
particulate fraction prepared from a liver sample (15.5 g) originally obtained from Donor C and then 
frozen, was transferred, with the aid of PD-10 columns, into a 20 mM imidazole buffer, pH 7.4 (buffer 
A). The latter preparation (340mL) was loaded onto a DEAE-Sephacel column equilibrated with 
buffer A. The loaded column was eluted with 550 mL of buffer A, then with 450 mL of a 20 mM 
imidazole buffer, pH 6.8 (buffer B), and then with a O-O.2 M NaCl gradient (800 mL) generated in 
buffer B. Elution was completed with 300 mL of buffer B adjusted to 0.7 M NaCI. (B) DEAE Pool 5’ 
ALDH activity was concentrated 7-fold and then transferred into a 25 mM MES buffer, pH 6.6 (buffer 
C). The latter preparation was diluted to 140 mL with buffer C and was then loaded onto a 5’-AMP- 
Sepharose column equilibrated with the same buffer. The loaded column was developed as delineated 
at the top of the panel: (a) DEAE Pool 5’ enzyme in buffer C followed by buffer C; (b) 125 mM sodium 
phosphate buffer, pH 8.0 (buffer H); (c) buffer H containing 0.7 mM NAD; and (d) 25 mM sodium 
phosphate buffer, pH 7.4 (buffer D) containing 1 mM NAD and 0.7 M NaCl. (C) Pool 9 from the 5’- 
AMP column was concentrated 19-fold and then transferred into buffer C. The latter preparation was 
diluted to 50 mL and was then loaded onto a Reactive Blue 2Sepharose column equilibrated with the 
same buffer. The loaded column was developed as delineated at the top of the panel: (a) 5’-AMP Pool 
2 enzyme in buffer C followed by buffer C; (b) buffer H; (c) buffer H containing 0.7 mM NAD; and 
(d) buffer D containing 1 mM NAD and 0.7 M NaCl. In all panels, all buffers referred to also contained 
1 mM dithiothreitol and 0.1 mM EDTA. Eluate was collected in fractions of 5-10 mL. Substrates used 
to monitor ALDH activity were 160 PM aldophosphamide (O), 5 PM retinaldehyde (A) and 4 mM 

acetaldehyde (0). 

BP 43:11-L 
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0 30 

Aldophosph~ide, (mM)-’ 

Fig. 5. Inhibition of ALDH-l-catalyzed oxidation of aldophosphamide by chlotal hydrate: Lineweaver- 
Burk kinetic analysis. Initial rates of ALDH-1 catalyzed aldophosphamide oxidation were measured as 
described in Materials and Methods. The concentrations of chloral hydrate were 0 (a), 5 (0) 10 (W), 
lS(+) and 25 (A) ,uM. ALDH-1 purified through chromatofocusing chromatography was used in this 
experiment. V,,, and Km values were calculated from the y- and x-intercepts, respectively, of the fitted 
lines and were 4.8 ~mol/min/mg and 52 PM, respectively. Data points represent the means of duplicate 
determinations. The K, value was calculated from the plot of the y-intercept values against the chloral 

hydrate concentrations (inset) and was 13 PM. 

Contribution”. Three enzymes, viz. ALDH-1, 
ALDH-2, and SSDH, catalyzed the oxidation of 
aldophosphamide; ALDH-1 was by far the most 
important, accounting for 64% of the total when the 
aldophosphamide concentration was 160 PM. Given 
the K,,, values obtained, ALDH-1 would account for 
an even greater percentage of the total when the 
aldophosphamide concentration was pharma- 
cologicaf. K,,, values for the catalysis of aldo- 
phosphamide by ALDH-1, ALDH-2, and SSDH 
were 52, 1193 and 56OlM, respectively (Table 6). 
The Lineweaver-Burk plot used to generate the Km 
and V,,,, values for ALDH-l-catalyzed oxidation of 
aldophosphamide is shown in Fig. 5. ALDH-1 
accounted for ah of the recovered NAD-dependent 
enzyme-catalyzed oxidation of retinaldehyde. The 
K,,, value for ALDH-l-catalyzed oxidation of 
retinaldehyde was 0.3 PM (Table 6). 

~e~sit~vi~ of ALDH-I-, ALDH-Z and SSDH- 
catalyzed oxidation of a~do~hospha~ide to inhibition 
by chloral hydrate 

Detoxification of aldophosphamide by human 
pluripotent hematopoietic progenitor cells appears 
to be cataiyzed by an aldehyde dehydrogenase 
relatively insensitive to inhibition by chloral hydrate 
[29]. Therefore, the sensitivity of the three human 
aldehyde dehydrogenases known to catalyze the 
oxidation of aldophosphamide, to inhibition by 
chloral hydrate was determined. ALDH-l-catalyzed 
oxidation of aldophospha~de was highly sensitive 
to inhibition by chloral hydrate, whereas ALDH-2- 
and SSDH-catalyzed oxidation of this substrate was 

Table 7. Inhibition of aldehyde dehydrogenase-catalyzed 
aldophosphamide oxidation by chloral hydrate 

Inhibition by chloral hydrate? 
(%) 

Enzyme* 0.1 mM l.OmM 

ALDH-1 97 
ALDH-2 51 
SSDH 6 16 

* ALDHs 1 and 2 were the chromatofocused prepara- 
tions. SSDH was semipurified from DEAE Peak 3 by 
passage though Blue Sepharose and 5’-AMP affinity 
columns. For additional details, see Materials and Methods 
and the text of Results. 

7 Initial rates of aldehyde dehydrogenase-catalyzed 
aldophosphamide (160 PM) oxidation were measured in 
the presence and absence of chloral hydrate as described 
in Materials and Methods. Control rates (no chloral 
hydrate) were 6.1, 0.13 and 2.0 nmol/min for ALDH-1, 
ALDH-2 and SSDH, respectively. 

less sensitive (Table 7). The Kj value for chloral 
hydrate in~bition of ALDH-l-catalyzed oxidation 
of aldophosphamide was 13 ,uM; inhibition was 
noncompetitive (Fig. 5). 

DISCUSSION 

Six aldehyde dehydrogenases were resolved from 
human liver. One, viz. ALDH-1, accounted for all 
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of the NAD-dependent enzyme-catalyzed oxidation 
of retinaldehyde in this organ. Three aldehyde 
dehydrogenases, viz. ALDH-1, ALDH-2, and 
SSDH, catalyzed the oxidation of aldophosphamide. 
ALDH-1 was, by far, the most efficient in this 
regard. It is not the hepatic aldehyde dehydrogen- 
ase that is most important in catalyzing the oxidation 
of acetaldehyde. That distinction goes to ALDH-2 
[30-321. ALDH-4, ALDHJ, and BADH did not 
catalyze the oxidation of either aldophosphamide or 
retinaldehyde. 

These observations closely parallel those made in 
mouse liver. Thus, in vitro, AHD-2, the mouse 
homolog of ALDH-1, catalyzes the bulk of 
the oxidation of both aldophosphamide and 
retinaldehyde in mouse liver; AHD-5 and AHD-12, 
the mouse homologs of ALDH-2 and SSDH, 
respectively, catalyze the oxidation of aldo- 
phosphamide but not that of retinaldehyde, and 
AHD3, the mouse homolog of ALDHJ, does not 
catalyze the oxidation of aldophosphamide or 
retinaldehyde [8,9]. 

There are some differences. Thus, mouse AHDs-1 
and -9, unlike their human counterparts, ALDH-4 
and BADH, respectively, contribute to the overall 
hepatic oxidation of aldophosphamide [9]. Further, 
human homologs of mouse AHDs -7, -8, -10, -11 
and -13 were not found. AHD-7 catalyzes the 
oxidation of retinaldehyde [8], but not that of 
aldophosphamide [9]. AHDs -8, -10, -11, and -13 
catalyze the oxidation of aldophosphamide [9], but 
not that of retinaldehyde [8]. Failure to find homologs 
of these enzymes in the human liver sample examined 
may be due to species differences and/or to loss of 
activity upon storage and freezing of the human liver 
sample. 

It was not possible to determine whether xanthine 
oxidase (dehydrogenase form), ALDH3, or y- 
aminobutyraldehyde dehydrogenase catalyzed the 
oxidation of either retinaldehyde or aldo- 
phosphamide because these enzymes were not found 
in the liver sample used in our investigation. The 
dehydrogenase form of mouse xanthine oxidase 
catalyzes the oxidation of retinaldehyde but not that 
of aldophosphamide [8,9]. Perhaps the same is true 
of the human homolog. AHD4, an aldehyde 
dehydrogenase found in mouse stomach but not in 
mouse liver [lo], catalyzes, albeit relatively poorly, 
the oxidation of aldophosphamide but not that of 
retinaldehyde [8,9]. ALDH3 may be the human 
homolog of this enzyme [ll]. In that event, it may 
catalyze the oxidation of aldophosphamide but not 
that of retinaldehyde. 

Oxazaphosphorines such as cyclophosphamide are 
detoxified when aldophosphamide is oxidized to 
carboxyphosphamide [3]. Depending on the type of 
neoplasm, the oxazaphosphorines often exhibit a 
relatively favorable therapeutic index [3]. At least 
in part, this is because certain critical and rapidly 
renewing normal cell populations, e.g. pluripotent 
hematopoietic, and intestinal epithelial, progenitor 
cells contain an aldehyde dehydrogenase which 
catalyzes the relevant detoxification whereas some 
tumor cell populations lack such an enzyme or 
contain much less of it [33-391. The identity of the 
relevant aldehyde dehydrogenases in any given 

normal tissue is, at present, largely uncertain. 
Whereas the expression of aldehyde dehydrogenase 
activity of some sort is nearly ubiquitous in normal 
tissues [40], the expression of any particular aldehyde 
dehydrogenase is more restricted. Thus, while high 
levels of ALDH-1 and ALDH-2 are found in liver 
and kidney, much lower levels are found in intestine, 
brain, stomach, lung, spleen, testis, lymphocytes, 
scalp skin, hair roots, cornea and placenta 
[2,12,22,41,42]. ALDH-1 is apparently not present 
in heart [12,22] and is the only aldehyde dehydrogen- 
ase present in erythrocytes [43,44]. The tissue distri- 
bution of SSDH is less clear; to date it has been 
identified in brain [15] and liver. 

ALDH-1 would be expected to confer protection 
against oxazaphosphorines on any cell in which it is 
expressed. Conversely, cells which lack ALDH-1, 
e.g. those of the heart [12,22], might be expected 
to be at increased risk to the toxic actions of 
oxazaphosphorines. Perhaps related is the severe 
cardiotoxicity observed when high doses of cyclo- 
phosphamide are given [45]. Individuals who express 
a relatively enzymatically nonfunctional variant of 
ALDH-1 [46,47] might be at increased risk to the 
untoward systemic actions of cyclophosphamide and 
other oxazaphosphorines. 

As judged by the kinetic values obtained, ALDH- 
2, even when present in large amounts, is highly 
unlikely to confer significant protection on any 
tissue. Consequently, the large (up to 50%) frac- 
tion of Orientals that express an enzymatically non- 
functional variant of this aldehyde dehydrogenase 
[48] are unlikely to be at increased risk to the 
untoward systemic actions of the oxazaphosphorines. 

SSDH may be an important contributor to 
detoxification of the oxazaphosphorines in tissues 
which do not express ALDH-1. 

It has been demonstrated that aldehyde dehydro- 
genase-catalyzed detoxification of aldophosphamide 
contributes significantly to the relative insensitivity 
of murine intestinal crypt cells [49] and murine and 
human hematopoietic progenitor cells to the 
oxazaphosphorines [33-371. The aldehyde dehydro- 
genase present in murine intestinal crypt cells is 
kinetically and immunologically identical to the 
major liver cytosolic aldehyde dehydrogenase, viz. 
AHD-2 [49]. Uncertain is the identity of the 
operative aldehyde dehydrogenase(s) in hem- 
atopoietic progenitor cells. The experiments of 
Kastan and coworkers [39] suggest that in humans 
it is ALDH-1 because polyclonal antibodies that 
they raised to a cytoplasmic (most probably cytosolic) 
aldehyde dehydrogenase (most probably ALDH-1) 
purified from Hep G2 hepatoma recognized a protein 
(presumably ALDH-1) present in hematopoietic 
progenitor cells (identified as such by flow cytometric 
assay of cell surface lineage- and maturation-specific 
antigens). The polyclonal antibodies used to identify 
the hematopoietic progenitor cell protein also 
recognized an approximately 55 kDa protein in a 
cytosolic extract of human liver [39]. Both ALDH- 
1 and ALDH-2 are tetramers made up of 
approximately 55 kDa subunits [21]. The specificity 
of the polyclonal antibodies used to identify the 
proteins (presumably aldehyde dehydrogenases) in 
these experiments was not reported. Inconsistent 
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with the notion that the operative enzyme is ALDH- 
1 is the observation that even high concentrations 
of chloral hydrate, a potent inhibitor of human 
ALDH-1 and mouse AHD-2, did not, or only 
minimally, potentiate(d) the cytotoxic action of the 
oxazaphosphorines against multipotent hem- 
atopoietic progenitor cells whereas other known 
inhibitors of these enzymes did [29]. The operative 
enzyme could be SSDH. It is relatively insensitive 
to inhibition by chloral hydrate. However, SSDH is 
a particulate enzyme and, in experiments conducted 
by yet another laboratory 1151, antisera raised to 
ALDH-1 did not recognize brain SSDH; further, 
the subunit size of brain SSDH is approximately 
62 kDa. 

Expression of AHD-2, the mouse homolog of 
ALDH-1, is a demonstrated mechanism of acquired 
resistance to the oxazaphosphorines in two mouse 
leukemia lines [50-521, and increased expression of 
an unidentified aldehyde dehydrogenase appears to 
be the underlying basis for the acquired resistance 
to oxazaphosphorines observed in a rat leukemia 
[53]. Elevated aldehyde dehydrogenase expression 
may be a clinically important mechanism for acquired 
resistant to the oxazaphosphorines in human tumors. 
In cases of intrinsic and/or acquired tumor cell 
resistance to the oxazaphosphorines where aldehyde 
dehydrogenase-catalyzed detoxification of aldo- 
phosphamide is the causative event, therapeutic 
intervention strategies based on selective sensi- 
tization of the resistant tumor cell population may 
be possible if the operative tumor enzyme differs 
from that present in critical normal cell populations 
since aldehyde dehydrogenases often differ in their 
relative sensitivity to various inhibitors, e.g. chloral 
hydrate [54-571. On the other hand, given that 
aldehyde dehydrogenase-catalyzed detoxification of 
aldophosphamide serves to protect certain critical 
normal cell popuIations against the cytotoxic action 
of ox~aphospho~nes, uidesupra, and that a number 
of frequently used drugs, e.g. certain cephalosporins, 
are known to inhibit at least some of the aldehyde 
dehydrogenases [58,59], the potential for clinically 
adverse drug interactions is apparent. Further, given 
that ALDH-1 activity in erythrocytes and liver is 
reduced in chronic alcoholics [42,6&62], and that 
aldehyde dehydrogenase activity is apparently 
depressed in humans given certain oral contraceptives 
[63], these populations may be at increased risk of 
oxazaphosphorine-induced systemic toxicities. Also, 
induction of aldehyde dehydrogenase activity is a 
demonstrated phenomenon in rodents [64,65]. 

Retinoids, a family of natural and synthetic vitamin 
A analogs, are recognized as important regulators 
of the growth and differentiation of normal and 
transformed cells [66]. Since retinoic acid is the most 
potent of the naturally occurring retinoids in many 
of the systems used to assay retinoids for such activity 
166-681, retinol is the major retinoid in the circu- 
lation 1691, and oxidation of retinol to retinoic acid 
proceeds via the intermediate, retinaldehyde 
[7,70,71], enzyme-catalyzed oxidation of retin- 
aldehyde to retinoic acid can be viewed as a 
bioactivation and most likely occurs in target cells. 
Thus, the rate and extent of retinoid-mediated 
differentiation of cells could very well be influenced 

by the rate at which cells convert retinol to retinoic 
acid. Supporting this notion is the observation that 
conversion of retinaldehyde to retinoic acid in 
keratinocytes undergoing differentiation occurs at a 
greater rate keratinocytes that are not f7]. 

Aldehyde dehydrogenases, aldehyde oxidase and 
xanthine oxidase have all been reported to catalyze 
the oxidation of retinaldehyde to retinoic acid 
[5,6,8,72-771. Available evidence suggests that, at 
least in some tissues, retinaldehyde oxidation is 
catalyzed primarily by one or more of the cytosolic, 
NAD-dependent, disulfiram-sensitive, substrate 
nonspecific, aldehyde dehydrogenases [5-8,73,76]. 

Of the six human hepatic aldehyde dehydrogenases 
examined in the present investigation, only ALDH- 
1 catalyzed the oxidation of retinaldehyde to retinoic 
acid. In addition, a retinaldehyde dehydrogenase 
apparently distinct from ALDH-1 has been identified 
in human keratinocytes 171. The low &,, value for 
ALDH-l-catalyzed oxidation of retinaldehyde to 
retinoic acid is consistent with a physiological role 
for ALDH-1 in the in oiuo generation of retinoic 
acid in those tissues where it is present. 

Many neoplastic cell populations apparently lack 
ALDH-1 or, in species other than humans, its 
homolog [36,38,51]. This may preclude their ability 
to generate retinoic acid from retinaldehyde and, 
thus, to respond to retinol and @-carotene, another 
precursor of retinaldehyde [70,71,77,78]. Further, 
relevant genetic polymorphism, and modulation of 
ALDH-1 activity, may have profound effects on 
retinoic arid-dependent processes. 
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