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SUMMARY

TABAKOFF, Boris, ANDERSON, ROBERT, AND ALIVISATOS, SPYRIDON, G. A.: Enzymatic
reduction of ‘“biogenic’ aldehydes in brain. Mol. Pharmacol. 9, 428-437 (1973).

Aldehyde derivatives of the biogenic amines (e.g., serotonin, dopamine) were prepared
enzymatically, purified, and used as substrates for aldehyde reductase (EC 1.1.1.2), an
enzyme capable of reducing these deaminated derivatives. The enzyme was partially puri-
fied from rat brain tissue. Aldehyde reductase derived from brain tissue differed from al-
cohol dehydrogenase (EC 1.1.1.1) in cofactor specificity and was inhibited by low concen-
trations of barbiturates (i.e., pentobarbital). The presence of various functional groups on
the parent phenylacetaldehyde or indoleacetaldehyde structures was shown to significantly
affect the Michaelis constants (Km, Vmax) for aldehyde reductase. The relationship be-
tween Michaelis constants determined for aldehyde reductase and the final product of
biogenic amine metabolism in rat brain is discussed.

INTRODUCTION

Biogenic amines, such as dopamine or sero-
tonin, are deaminated by monoamine oxi-
dase (EC 1.4.3.4) to their aldehyde analogues
(1). The aldehydes may be further metabo-
lized in the central nervous system to their
acid (2) or alcohol (3) excretion products.
Previous investigators have shown that cer-
tain biogenic amines are metabolized pri-
marily to either their acid or alcohol deriva-
tives (Table 1). The enzymes responsible for
transforming the aldehydes to the corre-
sponding acids are the NAD+-dependent
aldehyde dehydrogenases (7). The enzymes
catalyzing the production of the alcohol de-
rivatives of the “biogenic” aldehydes in the
central nervous system, on the other hand,
have not been identified thus far. Although
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an enzyme resembling liver alcohol dehydro-
genase with respect to cofactor requirement
(NAD*) and inhibitor (pyrazole) sensitivity
has been noted in brain tissue (8), the activ-
ity of this alcohol dehydrogenase was shown
to be quite low (9). Previous reports also
indicate that the production of the reduced
metabolites of certain amines in brain tissue
depends on the presence of NADPH rather
than NADH (4, 10). Recently Tabakoff and
Erwin (11) reported the presence of an
NADPH-dependent, aldehyde-reducing en-
zyme in brain tissue which was capable of
converting aromatic and aliphatic aldehydes
to their corresponding alcohol derivatives. It
was therefore of interest to examine the sub-
strate specificity of this enzyme by utilizing
the aldehyde derivatives of certain biogenic
amines.

MATERIALS AND METHODS

Materials. All chemicals were of the high-
est commercially available quality. Metha-
nol (histological grade, Fisher) was refluxed
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TasLE 1
Deaminated final products of various amines found
in rat brain, expressed as percenlage of deami-

naled amines
Amine Acid Neutral
product products,
presumably

alcohols
% %
Serotonin® 27-30 14
Tyramine® 75 5
Octopamine® 6 78
Dopamine® 90 1
3-Methoxytyramine® 78 22
Normetanephrine® 8 88

a Values derived from data of Feldstein and
Williamson (4).

5 Values derived from data of Breese el al.
(5).

¢Values derived from data of Breese el al.

6).

with 2,4-dinitrophenylhydrazine (Mathe-
son, Coleman, and Bell) and distilled before
use. Phenylacetaldehyde and p-nitrobenzal-
dehyde were purchased from Aldrich Chem-
ical Company. Indoleacetaldehyde sodium
bisulfite, the various salts of the ‘“biogenic”
amines, and the pyridine nucleotide cofac-
tors were supplied by Sigma Chemical Com-
pany. Radioactive compounds were obtained
from New England Nuclear Corporation.

Preparation of liver enzymes. Male
Sprague-Dawley rats were decapitated, and
their livers were quickly removed and placed
in chilled 0.25 M sucrose. All procedures for
the preparation of enzymes were performed
in the cold (04°).

Monoamine oxidase was prepared from
rat liver mitochondria which were isolated
by the method of Whittaker (12). The mito-
chondrial pellet was washed twice with 0.32
M sucrose and then suspended in 0.01 M so-
dium phosphate (pH 8.0). The mitochondria
were sonically disrupted using a Branson
Sonifier. Six sonications of 1 min each, at a
setting of 4 on the Sonifier, were performed
at 2-min intervals while the suspension was
immersed in an acetone-ice bath. The result-
ant suspension was centrifuged at 126,000 X
g for 60 min. The pellet was resuspended in
0.01 M sodium phosphate (pH 8.0) and used

for determination of monoamine oxidase ac-

429

tivity. The presence of monoamine oxidase
activity was determined using a modified
spectrophotometric assay as described by
Tabakoff and Alivisatos (13).

Rat liver mitochondrial aldehyde dehy-
drogenase was also obtained from mitochon-
dria. After sonication and centrifugation at
126,000 X g, as described above, the super-
natant fluid was recovered, dialyzed against
0.025 M sodium phosphate (pH 7.0) contain-
ing 0.05 mM EDTA and 0.5 mM mercapto-
ethanol, and used as crude aldehyde de-
hydrogenase. The presence of aldehyde
dehydrogenase was demonstrated by moni-
toring the conversion of added NAD+* to
NADH, spectrophotometrically at 340 nm,
in the presence of propionaldehyde as the
substrate. Diamine oxidase was obtained
from rat liver microsomes (14). Microsomes
were isolated from the supernatant fluid after
the removal of cellular debris. nuclei, and
mitochondria (12). The supernatant fluid
was centrifuged at 126,000 X g for 90 min,
the resultant microsomal pellet was sus-
pended in 0.32 M sucrose, and this material
was used for determination of diamine oxi-
dase activity.

Preparation of aldehydes. Free indoleacet-
aldehyde was prepared from indolacetalde-
hyde sodium bisulfite in aqueous solution
as described previously (15).

Other aldehydes listed in Table 2, with the
exclusion of 3,4,5-trimethoxyphenylacetal-
dehyde, were prepared by incubation of the
appropriate amine (1 mM) with rat liver
monoamine oxidase prepared as described
above. In certain instances 4C- or 3H-labeled
amines of previously determined specific ac-
tivity were utilized in the incubation mix-
tures. The incubation mixtures consisted of
an amine, monoamine oxidase (50-100 mg of
protein), and 0.05 M sodium phosphate (pH
8.0) in a total volume of 50 ml. Sodium phos-
phate (0.05 M, pH 7.4) was utilized for incu-
bation mixtures containing dihydroxyphen-
ylethylamine. The aldehyde derivative of
mescaline, 3,4,5-trimethoxyphenylacetalde-
hyde, was prepared by incubation of mesca-
line (1 mM) with rat liver microsomes (see
above), in a solution of sodium phosphate
(0.01 M, pH 8.2). Incubations were per-
formed at 30°. The length of incubation (45-
120 min) was adjusted for maximum recov-
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ery of aldehyde (see REsuLTs). The reactions
were terminated by the addition of 3 N HCI
in ice. The major portion of precipitated pro-
tein was removed by centrifugation at
15,000 X g for 20 min, and the remainder of
the protein was removed by filtration of the
supernatant fluid through an Amicon UM-10
porosity filter under nitrogen. The filtrate
was collected, mixed with an equal volume
of ether, and further extracted three times
with equal volumes of ether. The pooled
ether fraction was washed in succession with
0.1 N HCI, 0.1 M sodium phosphate (pH 7.4),
and water, The ether, which contained the
aldehyde, was evaporated over water under
reduced pressure (5 mm Hg), and the result-
ant water solution of the aldehyde was
purged with nitrogen, filtered, and used im-
mediately.

Identification and determination of alde-
hydes. The concentration of aldehyde in solu-
tion was determined by reaction with 2,4-
dinitrophenylhydrazine as described by
Lappin and Clark (16), using an extinction
coefficient of 27,200 at 480 nm for the hydra-
zine derivatives. Extinction coefficients were
also determined by the use of p-nitrobenzal-
dehyde and phenylacetaldehyde as standards
(see Table 3). The concentration of aldehyde
in aqueous solutions was also determined by
incubating an aliquot of the solution with
rat liver mitochondrial aldehyde dehydro-
genase, NAD* (1 mMm), and sodium bicar-
bonate (0.1 M, pH 9.2). The total aldehyde-
dependent conversion of NAD*+ to NADH
was determined spectrophotometrically. It
was assumed that this conversion was quan-
titative and was taken to equal the amount
of aldehyde added to the incubation mixture
(see Table 3). When the incubation mixtures
contained “C- or 3H-labeled amines of known
specific activity, the concentration of alde-
hyde recovered in the ether extract and final
water solution was estimated by liquid scin-
tillation counting. The radioactive and non-
radioactive aldehydes were chromato-
graphed on silica gel plates (Merck, Darm-
stadt), using sec-butyl alcohol-formic acid—
water (15:3:2) as a solvent system. The
parent amines were chromatographed in
a similar system. After chromatography
the plates on which radioactive materials
were applied were examined under an ultra-
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violet lamp (265 nm) and areas of absorption
or fluorescence were noted. The plates were
divided into rectangular sections, each sec-
tion was scraped into scintillation vials,
Triton X-100-containing fluor (17) was
added, and the radioactivity was determined
by liquid scintillation counting. In other
cases both aldehyde and amine were spotted
in duplicate on the same silica gel plate. After
chromatography the plate was separated into
two sections. Each section contained one of
the chromatographed amines and its corre-
sponding aldehydes. One section was sprayed
with 2,4-dinitrophenylhydrazine (1%) in
methanol, followed by 10¢; potassium hy-
droxide in methanol-water (4:1), while the
other half of the plate was sprayed with di-
azotized sulfanilic acid reagent (18).

Preparation of aldehyde reductase from rat
brain. Rat brain tissue (10 %, w/v) was ho-
mogenized in 0.32 M sucrose containing 5 mm
sodium phosphate (pH 7.4) and 0.05 mm
EDTA. The homogenate was centrifuged at
1000 X g for 15 min, and the supernatant
fluid was recentrifuged at 27,000 X g for 30
min.

Ammonium sulfate (27.7 g/100 ml) was
slowly added to the supernatant fluid with
stirring, and the suspension was stirred for
an additional 30 min. Precipitated protein
was removed by centrifugation at 27,000 X g
for 30 min. The supernatant fluid was recov-
ered, and ammonium sulfate (9.9 g/100 ml)
was added as above. After centrifugation the
precipitated protein was resuspended in
0.025 M sodium phosphate buffer (pH 7.0)
containing 0.05 mM EDTA and 0.5 mM mer-
captoethanol. This suspension was dialyzed
against 100-200 volumes of 0.025 M sodium
phosphate (pH 7.0) containing 0.05 mm
EDTA and 0.5 mM mercaptoethanol for 20
hr, with the dialysis medium being changed
once during this period. After dialysis,! un-
dissolved protein was removed by centrifu-
gation at 126,000 X ¢ for 90 min, and an
aliquot of the ammonium sulfate fraction
was assayed for the presence of aldehyde re-
ductase activity by methods described be-
low. This fraction, which will be referred to

1 The concentration of ammonium sulfate in
the preparations after dialysis was determined
to be below 10 nm, using 1 M barium chloride as a
titrant.
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as the 45-60 % ammonium sulfate fraction,
was used for the determination of Michaelis
and inhibitor constants and pH optima. Pro-
tein concentrations were determined by the
procedure of Lowry et al. (19).

Assay procedures. The assay mixture for
monitoring aldehyde reductase activity
(standard assay) consisted of sodium phos-
phate (0.1 M, pH 7.0), NADPH (170 um),
and enzyme protein (0.1-1 mg), with p-nitro-
benzaldehyde (600 uM) as substrate, in a
total volume of 1 ml. Utilization of NADPH
was monitored at 340 nm at ambient tem-
perature (approximately 23°) in a Gilford
model 2400 recording spectrophotometer.2

The optimal pH for aldehyde reductase
activity was determined utilizing 0.05 M so-
dium phosphate to obtain pH values from
5.5 to 8.0. Sodium pyrophosphate (0.05 M)
was utilized for pH values of 8.0-9.0, and
sodium bicarbonate (0.05 M) was used for pH
values of 9.0 and above.

Michaelis constants (K,,) for NADPH and
aldehyde reductase were determined in mix-
tures containing 0.05 M sodium phosphate
(pH 7.0), using p-nitrobenzaldehyde (600
uM) as the substrate.

Values of K,, and V,..x for the various al-
dehydes and inhibitor constants for pento-
barbital were determined in mixtures con-
taining 0.1-0.3 mg of enzyme protein, 170
uwM NADPH, and 0.1 M sodium phosphate
(pH 7.0). At least five or six different con-
centrations were used for each determination
of K., and the concentration of aldehyde
substrate was varied within approximately
a 10-15-fold range. The data were plotted
graphically in double-reciprocal form as de-
scribed by Lineweaver and Burk (20). The
line of best fit was determined by the least-
squares method, and correlation analysis was
performed with the aid of a programmed
Olivetti 101 calculator. Each kinetic con-
stant was determined with at least two sepa-
rate preparations of the enzyme, and the
reported values are means of two to four
determinations. The reported V... values

2 We would like to thank Dr. Paul Gordon, of
the Department of Pharmacology of The Chicago
Medical School, for the use of the Gilford model
2400 spectrophotometer. The recording was per-
formed routinely on a 0.1 optical density full-scale
expansion.
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were scaled to compensate for variation
in activity of different preparations of the
enzymes. The scaling was accomplished by
multiplying the observed Vmax by a value
(Z).3 The coefficients of determination (r?)
(21) for each plot of the reported kinctic
data, with the cxception of Michaelis con-
stants derived for 3,4-dihydroxyphenylacet-
aldehyde (see piscussioN), were determined
to be 0.95 or greater (Fig. 1).

RESULTS

Table 2 lists the Ry values for the amines
and the corresponding aldechydes used in
these studies. The aldehydes were usually
visualized either under an ultraviolet lamp
or after spraying with 2,4-dinitrophenylhy-
drazine, in which case a reddish brown spot
was noted. The corresponding amines did
not exhibit a similar color reaction. However,
the amines did react, producing a pink or
red spot, upon spraying of the plate with di-
azotized sulfanilic acid. Aldehydes, whose
structures contain phenolic groups, were also
visualized as pink spots after treatment of
the plate with diazotized sulfanilic acid. One
could thus ascertain the position of the alde-
hyde and, in an adjacent system, ascertain
the relative mobility of the amine. Although
in two instances (3,4,5-trimethoxyphenyl-
acetaldchyde and 4-hydroxyphenylglycolal-
dehyde) other minor spots were visualized
after chromatography of the aldchyde prep-
arations, the other aldehydes migrated as a
single spot. A major and a minor spot also
appeared when the commercial phenylacet-
aldehyde was chromatographed. The R,
values reported in Table 2 are those of the
major spots reacted with 2,4-dinitrophenyl-
hydrazine. When radioactive amines were
utilized for biosynthesis of the aldehydes,
the major portion of radioactivity was re-
covered from an area with an R, value simi-
lar to that in which the material reacting
with dinitrophenylhydrazine was found. In
most instances the recovery of the aldehyde
derivatives was low, ranging from 0.5 to

3 Z is a factor by which the activity of the vari-
ous preparations would be adjusted to bring them
to a common specific activity of 20 nmoles of co-
factor utilized per minute per milligram of pro-
tein in a standard assay system with p-nitrobenz-
aldehyde as the substrate.
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FiG. 1. Graphical representation of kinetic data
with statistically derived limils for Michaelis con-
stants

5-Hydroxyindoleacetaldehyde (5-HIAAld) and
4-hydroxyphenylglycolaldehyde (4-HPGAIld) were
the variable substrates, and assays for activity
were performed as described in the text. Several
similar determinations were used to obtain the
values in Table 4. The coefficients of determina-
tion for the regression line data obtained with
aldehyde reductase and 5-hydroxyindoleacetalde-
hyde were calculated to be 72 = 0.980 and r? =
0.960 for 4-hydroxyphenylglycolaldehyde. The
cross-hatching along the ordinate and abscissa
on either side of each intercept indicates the upper
and lower limits of the derived Michaelis con-
stants at the 909, confidence limit (p = 0.1).
The calculated Vnmax values were scaled to com-
pensate for the fluctuation in enzyme activities
as described in the text.

5.0%. However, sufficient quantities were
recovered for the determination of kinetic
constants. In Table 3 a comparison among
three methods for determining the concen-
tration of aldehyde recovered by our proce-
dure reveals that the colorimetric estimate
of the amount of carbonyl groups present in
a solution containing 3,4-dihydroxyphenyl-
acetaldehyde was appreciably higher than
the estimate of reactive aldehyde groups ob-
tained by using the enzymatic assay. In the
other cases examined the two types of assays
gave similar results. Aldehyde concentration
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was therefore routinely estimated utilizing
the liver aldehyde dehydrogenase assay.

The major portion of aldehyde-reducing
capacity utilizing NADPH as a cofactor in
brain has been previously shown (11) to be
recovered in the supernatant fluid after cen-
trifugation of homogenates at 27,000 X ¢. In
the present study, although oxidation of
NADPH was evident in the presence of the
27,000 X g supernatant fluid when p-nitro-
benzaldehyde or 5-hydroxyindoleacetalde-
hyde was the substrate, no oxidation of
NADH above that of control mixtures con-
taining no substrate was demonstrable with
either of these aldehydes. The total
NADPH-oxidizing capacity of the 27,000 X
g supernatant fluid from rat brain was cal-
culated to be 109 nmoles oxidized per minute
per gram of brain with p-nitrobenzaldehyde
as the substrate. The major portion of the
NADPH-utilizing enzyme (aldehyde reduc-
tase) activity was recovered with protein
precipitating between 45 % and 60 % satura-
tion of the supernatant fluid with ammonium
sulfate. This activity accounted for approxi-
mately 3544% of the activity in the
27,000 X g supernatant fluid, using p-nitro-
benzaldehyde as substrate. Oxidation of
NADH was evident after ammonium sulfate
fractionation in the presence of p-nitrobenz-
aldehyde and 5-hydroxyindoleacetaldehyde.
However, the major portion of this activity
appeared in the protein which remained in
solution after 60 % saturation with ammo-
nium sulfate. Utilization of NADH with
5-hydroxyindoleacetaldehyde or p-nitro-
benzaldehyde as substrate with protein pre-
cipitating between 45 % and 60 % saturation
with ammonium sulfate was approximately
8% of the rates obtained with NADPH as
the cofactor.

The pH optimum for aldehyde reductase
activity was determined to be 6.8 with p-ni-
trobenzaldehyde as the substrate.

The K., value for NADPH with aldehyde
reductase was found to be 1.2 umM. Thus the
K., values for various aldehyde substrates
were obtained at a cofactor concentration
well above K,, values for this cofactor. The
representation of kinetic data by the meth-
ods of Lineweaver and Burk (20) resulted in
linear graphs for the aldehydes listed in
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TABLE 2
Preparation of aldehydes; chromatography on silica gel

Amines and corresponding aldehydes, prepared

by the methods described in the text, were chroma-

tographed on silica gel plates using sec-butyl alcohol-formic acid-water (15:3:2) as the solvent system.
Methods used for visualization and identification are listed in the text.

Amine Ry Aldehyde Rp
Phenylethylamine 0.38 Phenylacetaldehyde 0.77
Tyramine 0.39 4-Hydroxyphenylacet- 0.85

aldehyde
Dopamine 0.36 3,4-Dihydroxyphenyl- 0.70
acetaldehyde
3-Methoxy-4-hy- 0.31 3-Methoxy-4-hydroxy- 0.74
droxyphenylethyl- phenylacetaldehyde
amine
3,4-Dimethoxy- 0.53 3,4-Dimethoxyphenyl- 0.79
phenylethylamine acetaldehyde
Normetanephrine 0.22 3-Methoxy-4-hydroxy- 0.78
phenylglycolaldehyde
Mescaline 0.40 3,4,5-Trimethoxyphenyl- 0.80
acetaldehyde
Octopamine 0.43 4-Hydroxyphenylglycol- 0.81
aldehyde
Tryptamine 0.50 Indoleacetaldehyde 0.51
Serotonin 0.36 5-Hydroxyindoleacetal- 0.72

dehyde

Table 4, throughout the concentration range
employed.

The Michaelis constants (Km , Viax) de-
termined for aldehyde reductase were found
to depend on the structure of the “biogenic”
aldehyde. The presence of an a-hydroxyl
group on the aldehyde-containing side chain
had a profound effect in lowering the K.
value and increasing the velocity of the re-
duction of such aldehydes in the presence of
aldehyde reductase (i.e., 4-hydroxyphenyl-
acetaldehyde vs. 4-hydroxyphenylglycolal-
dehyde, Table 4). On the other hand, the
rate of utilization of 3,4-dihydroxyphenyl-
acetaldehyde was found to be quite low with
aldehyde reductase (Table 4). Because of the
low activity of the enzyme when 3,4-dihy-
droxyphenylacetaldehyde was the substrate,
the reported K. value should be considered
an estimate. If a methoxy group was present
at position 3 of the phenylacetaldehyde in-
stead of a hydroxyl group, the aldehyde was
found to be a good substrate for aldehyde
reductase (compare 3,4-dihydroxyphenyl-
acetaldehyde and 3-methoxy-4-hydroxy-
phenylacetaldehyde, Table 4). The presence

of an a-hydroxyl group, as in 3-methoxy-4-
hydroxyphenylglycolaldehyde, further in-
creases the rate of reduction of this substrate
by aldehyde reductase (see Table 4). The
aldehyde derivative of mescaline, 3,4,5-
trimethoxyphenylacetaldehyde, proved to be
a substrate for aldehyde reductase derived
from rat brain. Thus one might expect a
certain amount of 3,4,5-trimethoxyphenyl-
ethanol to be formed in brain tissue.

Table 5 and Fig. 2 illustrate the effects of
two characteristic inhibitors on the activity
of the reductase derived from rat brain. The
inhibition of aldehyde reductase derived
from rat brain by sodium pentobarbital
(Fig. 2) was similar to the inhibition demon-
strated with reductase purified from bovine
brain (15). The inhibitor constant (K,) was
determined to be approximately 36 um. Pyr-
azole, which has been shown to be a potent
inhibitor of the metabolism of either p-nitro-
benzaldehyde or propionaldehyde, utilizing
NADH or NADPH, by rat liver alcohol de-
hydrogenase (22, 23) and rat brain (8, 9)
alcohol dehydrogenase, by forming a ternary
complex with the cnzyme and the NAD*
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TasLe 3

Comparison of methods used lo delermine aldehyde
concenlralion

Aldehyde Method

e | G, | Evpre
uM M M

p-Nitrobenzalde-

hyded 16 (16)4] 13

Phenylacetaldehyde* 19 (59)¢] 37

5-Hydroxyindole-

acetaldehyde 38 22 19

3,4-Dihydroxy-

phenylacetalde-

hyde 130 330 150

4-Hydroxyphenyl-

acetaldehyde 290 200 240

¢ Labeled amines of known specific activity
were used for the preparation of aldehyde (see
the text). The molarity of the aldehyde in the
final water solution was estimated by subjecting
an aliquot of the solution to scintillation count-
ing.

4 Colorimetric determinations of concentration
were based on the absorbance at 480 nm of the
hydrazone derivative (16) of the aldehyde pre-
pared as described in the text, using E =
27,200. When the extinction coefficient (see below)
calculated from known concentrations of com-
mercial samples was used to determine concen-
trations, the values in parentheses were obtained.

¢ Enzymatic estimation of aldehyde concen-
tration was performed utilizing rat liver aldehyde
dehydrogenase under standard assay conditions
described in the text. The total conversion of
NAD* to NADH, measured at 340 nm in the
presence of the aldehyde, was taken to equal the
aldehyde concentration.

4 Theoretical concentration by weight equals
16.5 um. The extinction coefficient at 480 nm was
calculated to be 25,600 for the hydrazone deriva-
tive.

¢ Theoretical concentration by weight equals
59 uMm. The extinction coefficient at 480 nm was
calculated to be 8700 (see DISCUSSION).

(24, 25), was found to have no effect on brain
aldehyde reductase activity (Table 5).

DISCUSSION

The results of studies utilizing the various
inhibitors (Table 5 and Fig. 2) indicate that
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the enzyme activity which utilizes NADPH
to metabolize ‘“biogenic” aldehyde sub-
strates differs from the classic liver alcohol
dehydrogenase activity (25, 26). Enzymatic
activity similar to the type found in liver
(i.e., utilizing NAD* and inhibited by pyr-
azole) has been described in rat brain tissue
(27). However, the insensitivity to pyrazole
of the enzyme activity we have studied, its
sensitivity to inhibition by pentobarbital,
and the preferential utilization of NADPH
as a cofactor identify the activity as similar
to aldehyde reductase (EC 1.1.1.2) (11, 28),
which has been shown by Tabakoff and
Erwin (11) to catalyze the conversion of al-
dehydes to their alcohol derivatives in bovine
brain tissue. Similarly, Deitrich et al. (29)
found that the administration of pyrazole
in vivo to rats had no effect on brain reduc-
tion of p-nitrobenzaldehyde.

Since the determination of Michaelis con-
stants depends on a knowledge of substrate
concentration in the reaction mixture, our
results reflect the assay system used to deter-
mine the concentration of aldehyde present
(see Table 3). Although in most cases (Table
3) the various assay methods produced sim-
ilar results (within the tolerance for experi-
mental error for K,, determinations, Fig. 1),
the differences between the assayed concen-
trations of the commercially obtained phen-
ylacetaldehyde and the concentration calcu-
lated on the basis of weight, might reflect
the presence of both impurities and nonreac-
tive polymers, which might, in turn, affect
the calculation of kinetic constants.

When dopamine was incubated with rat
brain slices, Rutledge and Jonason (30)
found the major product to be dihydroxy-
phenylacetic acid. Similarly, the predomi-
nant product of tyramine metabolism in rat
brain #n vivo was found to be the acid deriva-
tive (4-hydroxyphenylacetic acid) (5). It can
be seen from Table 4 that the aldehyde de-
rivatives of these amines (dopamine and
tyramine) are poor substrates for aldehyde
reductase compared to those substrates hav-
ing a hydroxyl group on the a-carbon of the
aliphatic side chain (4-hydroxyphenylglycol-
aldehyde and 3-methoxy-4-hydroxyphenyl-
glycoaldehyde, Table 4). Thus it is of interest
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TABLE 4
Effect of substrate on aldehyde reductase activily

Kinetic constants were calculated from graphic representations of data by the method of Line-
weaver and Burk (20). Velocities of aldehyde utilization were determined at various concentrations of
the aldehyde in assay systems described in the text. Values are the averages of two to four separate

determinations.
Aldehyde K.. (range) I max (range)s
M
Phenylacetaldehyde 8.7 X 107¢ 36.3
(5.5-11.8 X 1074 (21-41)
4-Hydroxyphenylacetaldehyde 1.3 X 10°¢ 8.5
(0.6-3.0 X 104) (3-12)
4-Hydroxyphenylglycolalde- 6.4 X 10°¢ 142.0
hyde (4.7-10.1 X 107¢) (105-240)
3,4-Dihydroxyphenylacetal- 1.8 X 1078 1.1
dehyde
3-Methoxy-4-hydroxyphenyl- 2.3 X 1678 26.0
acetaldehyde (2.0-2.6 X 1078%) (17-35)
3-Methoxy-4-hydroxyphenyl- 4.0 X 107 98.4
glycolaldehyde (1.6-6.5 X 107%) (60-212)
3,4,5-Trimethoxyphenyl- 2.2 X 1078 7.1
acetaldehyde (1.2-6.0 X 107%) (3-18)
Indoleacetaldehyde 2.0 X 107 21.5
(0.9-2.5 X 1074 (11-43)
5-Hydroxyindoleacetaldehyde 1.7 X 107 7.2
(1.5-2.2 X 1074) (6-8)

« Velocities are expressed as nanomoles of NADPH oxidized per minute per milligram of protein.
All velocities have been adjusted to a standard enzyme activity of 20 nmoles of cofactor utilized per
minute per milligram, using p-nitrobenzaldehyde as substrate (see the text).

that the major metabolite of octopamine in
rat brain (5) was found to be the alcohol de-
rivative. Similarly, normetanephrine was me-
tabolized primarily to its alcohol derivative
in rat brain (6). The presence of a methoxy
substituent in place of a hydroxyl on position
3 of the catechol also increases the reduc-
tion of the aldehyde by aldehyde reductase
(compare 3,4-dihydroxyphenylacetaldehyde
with  3-methoxy-4-hydroxyphenylacetalde-
hyde, Table 4). The substrate specificity, in
terms of Michaelis constants (K, , Vimax) of
the aldehyde reductase, might therefore be
of value in predicting the metabolic route by
which the deaminated derivatives of the bio-
genic amines will be metabolized. However,
the intracellular pH and the availability of
cofactors (31) would also play an important
role in determining the pathway of metabo-
lism for the “biogenic” aldehydes.

Friedhoff and Goldstein (32) and Harley-
Mason (33) have postulated that a deami-
nated product of mescaline (i.e., the alde-
hyde or the alcohol derivative) may be the
psychogenically active form of this halluci-
nogen. The capacity of aldehyde reductase
to metabolize 3,4,5-trimethoxyphenylacet-
aldehyde might result in the production of
the alcohol derivative of mescaline in brain.
In addition, since the reaction catalyzed by
aldehyde reductase has been shown to be
reversible (11, 22), administered 3,4,5-tri-
methoxyphenylethanol (32) could be con-
verted to the aldehyde derivative. Although
the reported alcohol dehydrogenase in brain
tissue (9, 27) would probably be capable of
reducing certain “biogenic”’ aldehydes, its
ability to utilize the “biogenic” aldehydes,
particularly those possessing an a-hydroxyl
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F1a. 2. Inhibition of aldehyde reductase activity
by pentobarbital

Aldehyde reductase activity utilizing various
concentrations of 4-hydroxyphenylacetaldehyde
(4-HPAAIld) or p-nitrobenzaldehyde (K. =
16 uM) was determined as described in the text.
Velocity is expressed as nanomoles of NADPH
oxidized per minute per milligram of protein in
the presence of substrate. In certain reaction
mixtures (A) pentobarbital sodium (100 uM) was
incubated with enzyme for approximately 2
min before the addition of substrate to start the
reaction. Data were plotted by the method of
Lineweaver and Burk (20). Noncompetitive in-
hibition of activity was demonstrated; K; =
34 um was calculated for pentobarbital when 4-
hydroxyphenylacetaldehyde was the substrate,
and K; = 36 um was determined with p-nitro-
benzaldehyde as the substrate.

-1.0

group* on the carbonyl-containing side chain,
is yet to be demonstrated. On the other
hand, the ability of aldehyde reductase to
metabolize particular aldehydes is an indi-

4 Dihydroxyphenylglycol (Regis Chemical
Company) was found not to be a substrate for
horse liver alcohol dehydrogenase (Sigma Chem-
ical Company) (B. Tabakoff, R. Anderson, and
C. Vugrincic, unpublished observations).

TABAKOFF ET AL.

TABLE 5

Effects of pyrazole and pentobarbital on aldehyde
reductase activity

Inhibition of enzyme activity was determined
after incubating the inhibitor with enzyme for
approximately 2 min. Aldehyde reductase activity
was determined as described in the text, using
p-nitrobenzaldehyde (600 um) as substrate.
Horse liver alcohol dehydrogenase activity was
determined in reaction mixtures containing pro-
tein (0.025 mg), NADH or NADPH (160 um),
and p-nitrobenzaldehyde (600 um) in 0.05 M
sodium phosphate, pH 7.0.

Inhibitor Inhibition
Aldehyde Horse liver
reductase  alcohol

dehydro-

genases
% %
Sodium pentobarbital, 7806 1
1.0 mm 3¢
Pyrazole, 10 mm 0b 65¢
969

@ Horse liver alcohol dehydrogenase was pur-
chased from Sigma Chemical Company.

8 NADPH was used as a cofactor.

¢ NADH was used as a cofactor.

cator of the preferred pathways for metabo-
lism of many biogenic amines in brain tissue.
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