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SUMMARY

TABAKOFF, Boius, ANDERSON, ROBERT, AXD ALIvIsATos, Spvitioox, 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-

cobol 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 (letermifled 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 he 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-

manly to either their acid or alcohol deriva-
tives (Table 1). rfhe enzymes responsible for
transforming the aldehydes to the come-
spondmg acids are the NAD�-dependent
aldehyde dehydrogenases (7). The enzymes

catalyzing the l)rOduction of the alcohol de-
rivatives of the “hiogenic” aldehydes in the
central nervous system, on the other hand,

have not been identihed 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
arnines.

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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T�irij: 1

Deainina!ed .fiiial pro(ltLcis of rarious (mimes fotiiid

in rat brain, expressed as percentage of deaini-

iiaied anti nes

Amine Acid
product

Serotonini

Tyramine5

()ctopamineh

I )oparninec

�3 -�t4et hoxy tyraminec

Normetanephrinec

Neutral

products,
presunially

alcohols

(‘1 Cl
‘C

Values derived from data of Feldstein and

Vt IlliafllSOfl (4).

Values derived from data of Breese ci a!.

(5).

Values derived from data of Breese ci a!.

(6).

with 2 , 4-dinitrophenylhydrazine (Mat he-

SOIi, 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 pynidine nucleotide cofac-

tors were supplied by Sigma Chemical Com-
pany. Radioactive compounds were obtained
from New England Nuclear Corporat ion.

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 (0-4#{176}).

Monoamine oxidase was prepared from
rat liver mitochondria which were isolated
by the method of Whittaker (12). The niito-

chondrial pellet was washed twice with 0.32
M sucrose and then SUSpefi(led in 0.01 �i so-
dium phosphate (pH 8.0). The mitochondria
were sonically disrupted using a Branson
Sonifier. Six sonicatiolis of 1 mm each, at a
setting of 4 on the Soniher, were performed

at 2-mm intervals while the suspension was

inimersed in an acetone-ice bath. The result-

ant suspension was centrifuged at 126,000 X

g for 60 mm. The pellet was resuspended in

0.01 ti sodium phosphate (p14 8.0) and used

for deterniination of monoamine oxidast ac-

t ivit V. TI pr�sen(e (if fll( )IlOafilitle OXidIts(

activity was (letermmn(d using a modified

speetrophotometric �j55�\� �S described liv

Tabakoff and AliVistttO5 (13).
Rat liver mit ocIl( )Ildrimtl aldehvde dehv-

clrog(nase was also obtained from mmtochon-

dna. After sonication and centnifugation 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 m�u EI)TA and 0.5 mM mercapto-
ethanol, and used as crude aldehyde (1(-

hydrogenase. The presetice of aldehyde
22 dehydrogenase was demonstrated by moni-

toning the conversion of added NAD+ to

NAJ)H, spectroph )t omet neal ly at 340 ii m,

111 tile presence of propionaldehyde as the
substrate. I)iami ne oxi(iase was obtai mud
from rat liver microsomes (14). Microsomts

were isolat (d from the supcrnat a itt fluid after

tile removal of cellular debris, nuclei, and

mitochondria (12). The supernatant fluid
was centrifuged at 126,000 X g for 90 mm,
the resultant microsomal pellet was sits-

pended in 0.32 M sucrose, and this material
was used for determination of (liamine oxi-

dase activity.

Preparation of aldehy(les. l’ree ifidolea(’et -

aldehyde was prepared from i nololacetaldc-
hyde sodium bisulfite in aqueous solutioti

as described previously (15).
Other aldehydes listed in �iil 2, with the

exclusion of 3 , 4 , 5-tn methoxvphenylacet al -

dehyde, were prepared by incubation of the
appropriate amine (1 mM) with rat liver

monoamine oxidase )repared as described
above. In certain instances ‘�C or 3H-labeled

amines of prevu )usly determined specific ac-

tivity were utilized in the incui)ation mix-

tures. The incubation mixtures consisted of

an amino, niortoamine oxidase (50-100 mg of

protein), and 0.05 M sodium phosphate (pH
8.0) iii a. total volume (if 50 ml. Sodium �li()5-
phate (0.05 M, pH 7.4) was utilized for inou-

bation mixtures containing (lihydroxyphon-

vlethylaniine. ihe aldehV(lo derivative of
mescaline, 3,4 , ,�-t rmniothoxvphen�lacetalde-

hy(le, \VltS propartd by incubation of mesca-

line (I m�i) with rat liver microsomes (see

above), in a solution of sodittin phosphtte

(0.01 u, pH 8.2). ln(’ubatio)ns were per-

forniod at 30#{176}.The length of incubation (45-�

120 miii) was adjusted for maximum recov-
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(IV (If �tld(llV(l( (s(( itE5i’LT�). lli( reaetitiiis

\V(l( t(rmiiiat(ol liv 1 lit adolit ion of 3 x 1I(’l
iii i((. Tue iflUj ((1 � vt it iii of I )r((il)itated Pl’�-

(iii \VaS 1(fli( )V( (i I �v eel itii fugat itin at

15,0(X) )< q for 20 miii, ariol tin rimaiiidcr of

I lie J)i(it (lii WaS i(iiit)V(O1 liv filtration oif’the

silj )( ri i:it nut II tii( I t Ii r ugl i an Aniie ui lT\ I - 10

jit)iiisit\ filter iiiitlti uiitroig(ii. The filtrate

\ViiS ooili(te(l, niixeol \Vith au o(Iual volunit

(if et 11(1, P11(l I urt her (xt ractod t111cc times

\vit Ii qua1 \‘( iltimes oil other. fla pool((l

it liii Ii�t(t ii iii Was WaSli((l iii Stl(O(SSi( ill with

0.1 N 11(1, 0.1 �\i sl((iiuiill 1)11051)liitt((pH 7.4),

P11(1 wat(i, lii( itlier, \Vlli(l1 couitamuiod the

alolehv(l( , \\IiS (\‘tiI)((rate(1 I VOl \Vatoi’ Ufl(l(l’

looltl(((1 1)1(551110 (. mm 1-Ig), aui(1 the result-

alit �vator s((llitio)uiof the alolohv(le \VaS

purged with nitrogen, filtor((l, P11(1 uise(1 mi-
nie(liat (IV.

I(ICF! fificalioli 011(1 (1(1(11)1 inaiioii of (thfr-
/iyilcs. The o iiiooiit rat mu of aldehvde iii 50111-

twit was (l(t(riliiuio(l liv roaotiiiii with 2,4-

(liiumtrol)li(uivlhiv(lraziuit as (leseribed liv

Lapj)iii :01(1 (‘lark (1 �), uisluig nit extinction

coieth(i(uit (ii 27,200 at 480 urn for the hydra-

zinc (levi vat ives. Ext iiicti(in et iofhcients wore

also (1(t(rmiuled by t li 115( of /)- nit ro)henzal-

(leiiV(le P11(1 1)ho.nvlaeetaldehlvdo as standaitis

(st Table :3). Ihie (olI((uitIfltio)ui of aldehvde

iii at jue ins so tint ions was a Iso (l(t(rmino(1 by
iilotl1)atiilg an aliquot of the solution with

rat liver nlit( icho indrial aldehyde dehvdro-

genase, NA1) (1 tmi), and sodiiiiii 1)icar-

i)oflate (0.1 M, I)H 9.2). TI total aldehyde-

olependent (1 )nVersioni of NAD� to NADH

WP5 oloteimineol spect lI i1)h( itometnioally. It

iVas assume(1 t lint t his ti )I1V(151( ill was quaii-

t.itativ( aui(1 was takeui tii oo�ual tiii amount

(If ald(lIVd( ad(Io(l t ii t lii iliOtll)flt ii iii mixture

(so Tttbli 3). \\hioui the incubation mixtures

contaiuiod l4(’_ or �H-labeled amines of known

specific activity, the oouicouitrat �Ofl (If aide-

hyde r((overeo.1 �ii till it her extract and fiuial

water solution iVts estimated by liquid scm-

t illation o nut ing. The radioactive :11111 110)11-

ra(li( a(t lye al(l(hVdes were chit imato-

graphed (iii smlmoa g(h plates (�s Ierck, 1)arm-

st.adt), using sec-but vi alo 11101-formic acid-

i�’ater (15:3:2) tis It solvent system. The

patent :tuiiiuies were chroimatognaphed in

a siiiiulai svsteni. Aft en cl1romatoigra�)hy

I lie plat Os liii �Vhi(h radioactive materials

ivere applie I \veie oxanline(i under au ultra-

viiilet lauiip (265 urn) aiiol areas of til )501I)tioli

( it’ fi u irescou 1(0 ivoi’e iii )ted. ru plates i�ere

(liVi(l((I into i’tt’taiigiulai’ sectiouis, each soc-

t i(.iul \Vas s(I:tj)e(l iuit 0 stintillatio.ui vials,

TlI’it(iui iXi-100-ctiuitaiuiiiig fluor (17) ivas

:iolilotl, auid t he radioact ivitv was (let(rmiui(d

liv liquid scititillat ion to iunting. Iii ot her

oases lioitliakhlivoie aui(1 amine wor� spotted

jutduplical e 1(11 1 lie sante silica gel plate. After

(hroniatographv the plate was separated into

two sections. Each section couitained one of

the (hr( imat I igraphed amines aiid its corre-

spoul(ling ai(I(hvdes. One s((’tmoin was sprayed

with 2 ,4-diuiitroipheuivlhvdrazine (1 ; ) h�

methanol, Iollowe(1 liv 10’ potassium hy-

driixide iii uliothanol--wat(r (4:1). while the

other half iif the plato �vas sprayed with eli-
azotized sulfanilie aoid reagent (18).

Preparation (�f (1l(Ie/�/(l( reluctase /10111 rat

1)10/li. Rat brain tissu( (10 , w y ) was ho-

rnoigeunzeol iii 0.32 M sucr(ise (CifltaiIliIlg 5 mM

i idiuni phoisphate (pH 7.4) and 0.05 mu

E1)TA. The honiog(uiate was ceuitrifugod at
1000 X q for 15 miii, and th( supernatant

flui(I was rocentrifuged at 27,000 X g for 30

mm.

Aunnioniurn sulfate (27.7 g/i00 ml) was

sliwlv added to the supornatant fluid with

stirling, and the siispeuisioui was stini’ed for

an additiouual :30 mm. Precipitated protein

was removed by couitrifugation at 27,000 X g

for 30 nun. The Sup(rnatant fluid was recov-

ored, and ammonium sulfate (9.9 g 100 nil)
was added as above. Aft or centnifugation the

precipitated protein was resttspended in
0.025 u sodium phosphate l)uffer (pH 7.0)

containing 0.05 m�i EDTA and 0.5 ni�i mer-
capt oct hanoI. This suspension was dialyzed

against 100-200 volumes of 0.025 M sodium
phosphate (pH 7.0) containing 0.05 mu

E I)TA and 0.5 uiiM mercaptoethanol for 20
hir, with the dialysis medium i)emg changed

011(1 during this period. After dialysis,1 un-

dissolved protein was removed b)y ceiitrifu-

gatiout at 126,000 X g for 90 miui, and aui

a liquot of tile a mmonium sulfate fraction

was assayed for the presence of aldehyde re-

(luOtaSe activity liv methods (lesenibed he-

loiw. This fraction, w’hich will he referred to

The content rat i in t if tununoiniuun sulfate in

the preparations after dialysis was determined
to lie below B) n�.r , using 1 M barirun (‘Iil(iI’iOIe as a

I ituant
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as the 45-60’ ammoniuni sulfato frao’tioui,

was usod for tho (lotormination of Mio’haehis

and mhibito)r ((instants and pH (ij)tima Pr(i-

teiui conceultrat iOliS wei’e (letel’IlliIl(d by thio

procedure (if Lowry et al (19).
A ssay procedures. Tho assay mixt 111 ft ir

monitoring aldehvde 1’(duct aso activity

(standard assay) o’onsistod of soduum 1)1105-

Pilate (01 M, pH 70), XAI)PH (170 ,�i),

and enzyme protoin (0.1-1 mg), with p-intro-

henzaldehvde (6(X) �t) as substrato, iii ii

total volume of 1 ml. Utilization of XAI)PH
\VIs monitored at :340 nni at amhieutt tern-

I)erature (approximately 23#{176})in a (ilford
model 2400 recording sj)oct rophotomet or

The optimal PH for aldohiydo reduotaso

activity was d(t(rmiuie(1 utilizing 005 M soi-

diuni �hi isphat( toi obtaiui pH values froim

5.5 to 8.0. Sodium pyrophioisphiat (005 M)

was utilized for pH values of 8.0-90, tine!

s0(hium biearbotiato (005 u) was 1150(1 for PH
values of 90 ttui(i ttl)O)VO

Michaelis constants (K,,) for NAI)PH and

aldehvde roductaso �vei’o deterniiuied iii mix-

tures contaiuling 005 M sodium phosphate

(pH 7.0), usiuig p-nitro)l)eulzaldehyde (600
�LM) Its the substrato

Values of K,, and 1� for the yanmi ius a!-

(lehVdes and iulhlibit(ir cotistants for peuito-

barbital were deteumiiiod in rnixt uros colt-

taming 01-0:3 mg of enzvnio proteiui, 170

�x NADPH, and 0. 1 M so(liuni phoisphiate

(pH 70). At least five or six (hifIeI’eult ooiui-

centratiouis wore used for each determination

of Am , arid the (‘oiu)Oouitrati(in (if ald(hVolO

substrate was varilol within approiximatilv
a 10-15-fold rauigo. The data woro plotted

graphically iii doiulile-reoipniical fon’ni as de-

scnibed by Liunweaver and Bunk (20). Thto

line of best lit was detorminool liv tin loast -

�(lutU’es inetiioid, and oiirrelatioiui analysis was

I)erfol’flied with the aid of a �)u’oigramnio(l
Olivetti 101 o’alctul:rtor. Eaoli kiuntio coui-

stant was determined with at least two sopa-

rate preparations oil the enzyme, and the

roported values art means if two t i fimr

determimiati ins The no pouted I � \a lues

2 We would like Ott thank I )r. Paul ( iii’ditii,of

t lie Depart nieii I I if Plrariiiai’ liigv I if The (‘Iricag

\ledical “ihii 1, for 1 he use if tho ( ilfititImodel

2400 speetrophiiit ornet er. The re(ilrding was lwr-
fornie(1 uiiuutinel� i ii a 1).! 1 ut un! (leilsut v frill-scale

expalisioui

\\(le settled t I I (‘0 )Ii1I)( uis:tt e for vaniat iou

in activit v t if oliflereuit pr�j )arat i( uis 0)! t hit
enzym(s. ‘iFhie seahiuig was a((( iniplishitol 1my

multiplying tin (ibserv((l 1 ,,� liv a value

(Z):m Thu coofhcients oif detirnuuiatioii (,2)

(21 ) foil’ (achi plot of t lie reported kinetic

data, wit hi thu cxcii ti ni of i\ I ichiaehis cimur-

stants derived for 3, 4-dihvdn Ix�phion vlacit -

al(1(hiV(Ie (sot i)i5(’i’SsiON ), \Vei’e (l(t(I’Illiul((l

t(.)he 0.9n Iii gioater (1’ig. 1)

REst ‘LTs

1:11)10 2 lists the R� values foir the amiul(s

and thu coni’espondiuig aldehivdes used in

thieso studies The aldehivdes were usually

visualizod eithior uuulir P11 tilt ravio ilet ha nip

or afteu’ spraviuig with 2 4-dinitrophenvlhiv-

drazun, iui which ease a reddish brown sja it

wtis notod. Thio o’tmrrespominliiig arnmiiis did

not exhibit a si milan color react iiin lb weytu’,

the annuies (lid react, produoirig a pink or

red spot., upon spraying of the plate withl di-

azotized sulfautihic acid. Aldohivdes, whose

struot 11105 (‘0iota iii 1)11(111 iho’ gi� mups, were a iso

visualizod as piuik sju Its after treat ment of

the plate with diaziitiztd sulfauiihic acid ( )iie

o( iUl(l t litus aset it a iii 1 ito in isit iou oil’the aIde-
hyde auid, in au adjacouut system, ascertain

th( rolatiio niohmility uI’ the amine. �ithotigii
in t w m iuist tiots (:3 , 4 ,5-t ri met lit ixvphieuiv I-

acotald( hyde au id 4- hivdn xvphienviglvco ila I-

dehivde) othor mmiiou’ sptits weu’o visualized

after’ chiromat I igraphiv (If the a i(lohyolo PIIm-

aratiliuls, tin ithet’ al(hilvdes miguated as a

single spot A majiir aunt a minor spot also

:11)110:110(1 whit ri t Ito ci mnlm(I’o’ia I phiiuiylaoet-

aldehivde was o’hirouiiatoigraphied The R�.

values iopoi’tooI lIt Ial)1( 2 are 1 li(ms( (ml thi(
1najtir spoits rea(to(l wit Ii 2 ,4-oliiiitroiphieuivl-

hivdraziuie. \\hi.eui uadioiactive ammuies wIle

utilizel flit hmmoms�’uithiosms of till alilehiyoles,

hi( major Imliuti iui of radioaot ivitv was ic-

o’ovortol front air area wit hi :uui J?� valun simi-

lar to that iii which t Ito mat eria 1 I’(atI i ng

\Vitli (liliitl(ljmhi(IiylliV(liaziule \V�5 ll)liui(l lit

rut ist iuistanoo s t lii t’toomyou’v of t Ito a ldehvde

derivatives was low, ranging l’roini 0.5 to

Z is a fat or’ liv wlii’li liii :u�’t ivit v f I he vari-

ous p repa rat iiiris w old IC adj urstcot Ii i in rig t lierri
t(m a i’ornruori simeific act ivitv of 2(1 rirruoles ot

factor it ihized umcr riiiriuute umeu milhigrarri imf �mr’ii-

tciri iii a staridar’ot :iss:t\’ svsterit \�‘it it /)-riitriiieriz-

aldeiivde as tire strImst rate.
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I xto�5
[4-HPGA Id]

1’�r 0;. 1 . (rup/i i itt! reprt.�n /tt/jo,, of Ii iiel 1 do/u

Ui lii .1(11 1St l,Oill!/ (/(rioo(1 Ii,,, /.� /oi’ ‘i/i (/0 ((I/iS ((1(0 -

81(111/5

5-I ly(lr’oxvirrol(ileai’etaloieiivde (5-IIIAAld ) artol

4-hvdr’iixvpherivlglyciilaldehvde (4-IIP( Ald) were

the variable sirlist rates, and assays fiii activity

were perforrne(t as desi’rubed in the text. Several

sirn ilar deterrninat ioiris were used t ii obtain the

values in Iahmlc 4 The iiieflo’ierits if deterunina-

iiin fur the r’egressiimri line dat a I lit airied with

aldehvde reductase and 5-hivdrumx’viridomleaectalde-

hyde were talculated to be r2 = 0.980 arid r2 =

0.960 fon’ 4-hydroxyphoniylglvt’olaldehyde. The
er’iiss-hiatrhing along the Irdiriate and abs(’issa

on tither side of each iriter(’el)t indicates the tipper

arid lower limits (if the derived Michiaelis o’on-

starits at the 90#{176}i’onfiderice limit (p 0.1).

The ialculatcd 1’,� values were scaled t ii corn-

l)errsate for the flut’i ual ion in errzvniie nit ivities

as described in t lie text

5.01k. However, sufficieuit quauitities were

recovered for the determination omf kinetic

constants Iii rfable 3 a �ompai’isoii among

three methomds for determining the concen-

trat ion of aldehvde recovered liv our proce-

dure reveals that the colonimetrie estimate

(if the amount of carbonvl groups present in

a solution containiulg 3 , 4-dihvdroxvphenyl-

a(etaldehl\’de ��‘as appreciably higher than

the estimate of reactive aldehyde groups oh-

tamed by using the o’nzymatic assay. In the
other cases examined the tw’o t�’pes of assays

gave similar results. Alolohyde eoneent rat ion

\\‘as thierofore routiui(ly ostiniatecl utilizing

t ho hv(r �tldehi�’do’ dehvdromgonase assay.
‘ilie niajor portion of’ aldeiiyde-reducing

capacity utilizing NADPH as a cofactoi’ in

brain has been previously showui (11) to he

recouvered in the supernatant fluid after cen-

trifugation of homogenates at 27,000 X g In

the present stuc1�’, although oxidation of

NAJ)1�H was evidont in the presence omfthe

27,000 X g supernatant fluid w’hen p-nitro-

benzaldehvde or 5-hvdroxyindoleacetalde-

hyde was the substrato, no oxidation tmf
XAI)H above that of control mixtures con-

taiuiung no substrate WPS demonstrable w’ith

either of these aldohvdes The total

NADPH-oxidizing capacity of the 27,000 X

q supernatant fluid from rat braiti w’as cal-

(ulated to i)e 109 rimoles oxidized ier minute

per gram of brain with) p-mtrohenzaidehyde
as the substrate. The major portion of the

NADPH-utilizing enzyme (aldehyde reduc-

tase) activit y was recovered with i)rOteifl

precipitating betw’een 45 #{182}�and 60 #{182}satura-

tion of the supernatant fluid w’ith ammomum

sulfate This activity accounted for approxi-

mately 35-44’ of the activity in the

27,000 X g supernatant fluid, using p-nitro-

benzaldehvde as substrate. Oxidation of

NAI)H w’as evident after ammonium sulfate

fractionatioii in the preselice of p-nitrohenz-

aldehyde and 5-hvdr’oxvindoleacetaldehyde.

However, the major portion of this activity
appeared in the protein w’hichi remained in

solution after 60 saturation with ammo-

nium sulfate. Utilizatiomn of NADH with

5-hvdroxyindoleacetaldehvde or p-nitro-

henzaldehvde as substrate with protein I)re-
cmpitatmg between 45 � and 60 � saturation

with ammonium sulfate was approximately

S , 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-

trohenzaldehyde as the substrate.

The K,� value for NAT)PH with aldehyde

reductase was found to he 1.2 �i. Thus the

Km values for various aldehyde substrates

were obtained at a cofactor concentration

w’ell above K,,, values for this cofactor. The

representation of kinetic data by the meth-

ods of Lineweaver and Bunk (20) resulted in

linear graphs for the aldehydes listed in



TAILE 2

Prepa ration of aldeh ydes; oh romoi/ograph y on silica gel

Amines anal corresponding aldehydes, prepared by the methods (les(’ribed itt the text, were chroma-
tographed on silica gel plates using sec-butyl alcohol-formic acid-water (15:3:2) as the so)lvent system.
Methods used for visualization and identification are listed iii the text.

Amine Aldehvde

0.38 Phenrylacetaldehivtle 0.77
0.39 4-Ilydroxyphenylacen - 0.85

aldehvde

0.36 3,4-1)ihydroxyphenvl-

acet aldehvde
0.7()

0.31 3-Methoxy-4-hdrox-

phenylacet alde hyde

0.74

0.53 3,4-l)irnethoxyphenivh-

acet aldehyde
0.79

0.22 3-Met htlxv-4-hylirlixv-

pheniylglycolaldelivde

0.78

0.40 3,4 ,5-Trimnethoxvphenivl -

acetaldehvde
0.84)

0,4:3 4-hlvdroxvphenivlglvu’ol -

aldehvde
0.81

0.50 Indoleacetaldehvde 0.51

0.36 5-Hvdroxvinidoleacetal-

tlehvde
0.72
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Phenylethylarnirie
Tvramine

1)opamine

3-Methoxy-4-hy-

droxypheriylethyl-
amine

3 ,4-I)imethtmxy-

phenylethylamine
Normetanephri rw

Mescahi ire

Octopaniine

Trvpt ami ne

Serotonti fl

Table 4, throughout the concentration range

employed.

The Michaelis constants (Km Trirax) 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 aldehvdcs in the presence of

aldehyde reductase (i.e., 4-hydroxyphienyl-
acetaldehyde vs. 4-hydromxypheutylglyeolal-
dehyde, Table 4). (in the other hand, the

rate of utilization o)f 3 ,4-dihydroxyphenyh-
acetaldehyde was found to be quite low with

aldehyde reductase (Table 4). Because of the

low activity of the enzyme when :3 ,4-dih�’-
droxypheriylacetaldehyde was the substrate,

the reported Km value should be coulsmdered
an estimate. If a methoxy group was pro’sent

at position 3 of the phenyhacetaldehyde in-

stead of a hydroxyl group, the aldehyde was

found to be a go)od substrate for aldehiyde

reductase (coimpare 3, 4-dih�dro )Xypho’nvl-
acet a Idehvde and 3- mo’t ho mxy-4-hiydn mxy -

phenylacetaldo’hyde, Iable 4). [‘lie pr(’sorio’o

of an a-hydrtmxyl group, as in 3-niethox��-4-

hydroxyphenylglycolaldehyde, further iii-
creases the rate of reduction of this substrate

by aldehyde reductase (see Table 4). The

aldehvde derivative of mescaline, 3,4 , 5-

trimet hoxypheuiylacet aldehyde, pro mved to I �e
a substrate for aldehyde reductase derived
from rat brain. Thus one might expect a
certain amount of 3 , 4 , 5-triniet hoxyphenyi-
ethanol to be fomrmed in i)ramn tissue.

Tablo’ 5 and Fig. 2 illustrate the effeo’ts of

two chlaracterist io’ iuihiibitors 0)11 t he activity
of the reductase derived fromnl rat brain. The

inhibition of aldehvole redu(’tase derived

from rat bramui by sli(lium peuitobarbital

(Fig. 2) was similar tom t ho’ inhibition demon-

strat cd wit Ii reductase purified from I i IVili(’

brain (15). The inhibitor couistant (K,) was

determined to) be approximately 36 �u. Pyr-

azole, whi(’h huts been shown to he a poitent
inhibitor of tile metabolism of either 1)-nit no-

benzaldehyde tmr pr� ipionaldehyde, utilizing
NAI)H or NAI)PH, liv rat liver alcollol ole-

hydrogenase (22, 23) and rat hraiuu (S, 9)
alct ihol deiivdr’omgeuiase, liv forming a t o’rnary

complex with t lit’ enzyme and t lie NAI)



(Iuu((pulF’ jill,, 0/’ iup.o//tol/.s 151(1 /11 ileltrnii,, e ul,lt,/, !//I.

((i(( etii / rut i’

:�!�tct,v,ie

uuf knrlu\vmi specific nut ivitv

T.�lir,I: :� tile enzvnm activity which utilizes NAT)PH
to) ulio’tttl)(iliz(’ “biogenic” aldehyde sub-

str’Iit(’s (lifters fronl the classic liver alcohol

dehly(lrogt’nlas(’ aotivit� (25, 26). Eiizymatic
aotivitv similar to the type found in liver

(it’. , utilizing NAD’ and inhibited by pyr-

azole) has l)een described in rat brain tissue

(27). However, tile insensitivity to pyrazole

0)f the enzyme activity we have studied, its

16 (1(; ‘ 13 so’uisitivity to inhubition liv pentoharbital,
11) (51) 37 turd the preferential utilization cif NADPH

as a cofactor identify the activity as similar

38 22 19 to aldehyde reduo’tase (EC 1.1.1.2) (11, 28),
which has I)een shown liv Tabakoff and

Erwin (11) to) catalyze the conversion of 111-

1:3(1 3:31) lao dehydes to thleir alco mhtoil derivatives in bovine
1)rain tissll(’. Similarly, Deitnich et al. (29)

21)0) 2(1(1 240) fomunid that the administration of pyrazole

- -- - lit Otto) tom rats had 110 effect on brain reduc-

titili of p-uiitroheuizaldehn’de.

Since the d(’termination of Miciiaelis coIl-

stants depo’nds 0)11 a knowledge of substrate

concentration in the react ion mixture, our

results reflect thto’ assay system used to deter-

mine the ooncentratioin of aldehvde present
(soc Talilo’ :3). Alt hiough in most cases (Table

3) tlio’ various ttssav methods produced sim-

ilar results (withini the tolerance foil’ experi-

mental error for A,. (leter’minations, Fig. 1),

tiit’ (lifforo’lices between the assayed concen-

trat ions of tho’ 0(immercially obtained phen-

vlacetaldehyde auiol t lie o’ouiceiitratioii calcu-
JtltO’(l 011 tilt’ hiasis of’ wo’ighit, might reflect

the pro’seuice oil’both impurities and nonreac-

t ivt’ �n ilvmo’i’s, which might, in turn, affect

tlit’calculatiour of kiniOti(’ (‘Onstanits,

\\hrt’ii (l(iI)antine was ini(’uliated with rat
l)l’ttili shoes, Hutlodgo’ audI .Jouiasoii (30)

fomunid thio’ majlmr’ pro(luct to) lit’ dihdroxy-

plleniylao’etio’ acid. Sinnilarly, the predoimi-

Ilillit pi’oitltit’t(if tvramino ulIO’tIlb)Olisfl1in rat

l)raili lit ttto \\.‘jS f’tmunnd tot lie the acid deriva-

tive (4-hivdroixvphiouiviao’etic acid) (5). It (‘011

1)0’ soon I’ll inn Tahile 4 that the aldehyde de-

rivativo’s oil thioso :tnnilies (dopamine and

tvraminiO) are i)�omi’ substrates for aldehvcli’

re(lliotast tommpartd tim t In iso substrates has’-

inig a hivdnmxyl group out thio a-carbon of the

aliphtrti(’ si(Ie chiaiui (4_hi�lroIxypheli�’1glycol-

aldehiydo ttli(1 3-u-r-tet hroxy-4-hii’dromxyphienyl-

gl\oomltldohr�’dc, �I’aImb 4 ). TInts it is of iuitor’tst
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7%IetIl)d

RadiI, Colon r;nzvma-
i.’)topic metric I (C

(Li! u)! 51!

J) - N it nil mcmix :11110-

Ii vde’

Phemivlauet altlehvde
a-llv(lrI ixv mill ule-

a ‘c Ia l(Ie irvole
3,4-I )ihivdrimxv-

jilreniy I net aIde -

livole

1-I Ivoln’oxvpiiemivl -

net alolehvdo

I1ahieleol amriimles

were used fun I lie iireimar’at iu mi of aldehvde (see

lie text). lire miii larit y I if the aldehvde mt the

fired water siuluttiiuniwas est iniated ii subjecting

ant aliqtut If tire soltr iuumi tuu su’imitillatiiuni count-

inrg.

(�tl� ur’inret r’ic oleter’nminat II uris If ci uniu’emrtrat ion

were imased in the aimsiumiianiu’e at 484) rim of the

lrvdrazlimre derivative (16) of the aldehvde pee-

imared as descrihmed in the text, using L, 80 =

27,200. When I lie ext ino’t iuinr II uetiicienit (see below)

calculated from known ‘uunrcemrt rat ions if corn-
niercial samples was used to determine (‘o)ncen-

trat ions, the values mt l)aremrthreses were oubtained,

Enzymat iu’ est innat it ni I if alolehvde conceni -

teat ion was imer’fu mmcd it ii izing rat liver aldehvde

dehydromgen ase uinrolor’ st anrolan’(l assay u’ undit i�mns
descrihme(l in I he text , TIre tot al ci unversion uif

NA1)� tuu NA 1)11, riieastrred at 341) mini in the

pu’esemr(’e If the alolehvde , was t akomi tu eoiual the
aldehyde u’oncemit rat iu mr

1 Theiur’et iu’al u’timiu’enit rat iuumi by weight eoiuals

16.5 �a�i , l’he ext mit ion ‘oeflru’memit at 480 rim was

(‘al(’trl:t I eti III lie 25 ,6( )t) fun I he hvd max inc deu’iva -

tive.

Threuin’et iual Cu men 1 r’:tt ii mr liv weight equals
59 �m. tue ext imict iuuni u’oefin’memit tI 484) rim was

caluulateol lii lit S71)l1 (see !)iSli.5S1IiN ).

(24, 25), was founol tom have 110 effect omuibrain

a lllohIv(lt r’eoluetast’ activity (Table 5).

i)15C1’sslON

rJhi(Lresults oil studies utiliziuig the various

inhibitors (Thl 5 anal 1’ig. 2) indicate that



‘I�nlrE 4

IsJJ’tct (If .0 (11Th’tCOl/l lull (ill/Ill !1111 ,‘o’(I,l(/U,S( u,t (‘1

Kinret il l’IIrrsI:rnrts wore oalotml:tled from gr’:r�mIrrc rtImm’estmilat lulls ui dat :r Iu� I fit till Iiuuul �t Iiru-

weaver’ amid l3inrk (20). \elo(’it its of :rlilehrvtlt’ it ilixat ilium were lltIIrnnrimilli it varrullrs II Ilillilt m:it ills II

the aldeiivtlo’ in ass:iv svSt(nlS descr’mi)tIl ii till ttXt . \‘:olires ire he :ivt’r:rges uuf Iwlu III flue SIli:rm’:rtl’

old ermni mitt litIris,

:�lde’hvde K ... (range I ( range

-If

1.0) X

(1.66.5 �
.) ‘)

(1.2-03.1) X
2.0 X

(0.1) -2.5 �

\elrmcitmes are expressed as nlamnlunolts If NAI )PI I oxiolizeol per’ miriniirto Inn’ rmuilligr’amni If pruteini.

All veloici ties have been adj inst eti to a sO :inruI:troI onizyme not ivi iv (if 2(0 ninlu lIes uuf o’oifac II tm in In Iixcii lien’
miumute Per milligram, using p-nut robenizaltit’hrvde as subst na! I (see time text
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1�irenrvl:net :rhileiivtlt’

4-Il ydu’I Ix\Imiie mr�Iace Ia Ii iehr�u it

4-I Ivllroxvjilrtrrvlglvll ilallle-

in vole

3,4 - I )i hyde uxvpirtmrvla(’et ml -

(lehrv(le

3-\Iet hit XV --1 -IrvIrl xvI)iremivl-

ao’et :rlt ielrv Ic

3-\Iet irllxv-4-irvrln’Iuxvpiremrvl-

ghycol:rltlehiyde

3,4, 5-Tu’imnot hi Ixvlihrenivl -

noel aldehrvtle

Inrtbrleat’et :tllleiivlle

5-I I\’tln’Ilxvrrrlluuio:rcet lioltir\’Iil

that the major motabohite oil octoijiamint( in

rat brain (5) was fomund toi lit’ t.i� alcoihol de-

rivative. Similarly, no mrmeta neph ri n e was me -

tabolized primarily to) its alcohol derivativo

ill rat brain (6). The l)ro’sen(’e of a methoxv

SlIi)Stittteult in place of a hydroxyl oui position

3 of the catechlol also increases the redue-

tion of the aldehvde by aldo’hvde reductase

(compare 3 , 4-dihvdroxvphenvlacetaldehvde

with 3-methoxv-4-hvdroxvpiienylacetalde-
htyde, Table 4). The substrate specificity, in

terms of Michaehis (‘onstants (Km , 1 ‘,,�) of

the ahdehyde reductase, might therefore lie
(If value iui predicting the metaliolie route by
which the deanunated derivatives of the h)io-

genie amines ��‘iIl be metabolized. However,

the intracellular pH and the availability of
cofactors (31) would also play an important
role in determining the pathway of mo’talioi-

lism for the “biogenic” aldehydes.

57 � 10)

(5.5 11.5 �< l0�.

1:3 x lo
(0.63.0 x

03.1 K 10

(1.7 1(1.1 M 10 ‘

is c� 1(1

l(;

(2.0 2.6 X 10

10)

10-

10)

11)

10

1(11

1 .‘ 10�

(1 .5 2.2 >� 10

:16.3

(21 11

.5.5

:� 12

112.1)

105 2-I)))

1.1

213 .00

17 :15

105.1

130) 212

7.1

(3 is

21 .5

(11 1:1

6 5

lhli((llilIfi ttuiol( �tibolstoiii (:32) turd llan’lev-

\ 1050)11 (:3:3) hiayt 1)1 istnnlatttI t hat a (It0 tli� -

nated jmr’odiio’t III mtst’ahiuit (i,o,, the aklt-

hyde or tin aloi Ito)l derivat ivt ) may lie tIre

�)svc1r(mgt’lnioallv ao’tivo form of’ this hialluo’i-

nogouu. Tlto (‘ajlao’itv til aldelrvdt r’oduct:tsc

to motal moihizo’�3 .4 . 5-t r’imno’tItoixvjmlrt mu lao’ot -

ahdciivde ntighit rtsult iii tin pnuiductiomun oil

the al(’ohoml denivativt of’ unoso’ahiuic in hiI’:till.

In adolit ii in, since tho no act it iii oat a lvzod liv

aldelivdo reductaso hitus imoent shownn t(m 1)e

reversibbti (11 , 22), adniiiniist tied 3 , 4 , 5-I ni-

met In ixyphionylothlanol (32 ) (‘1)111(1 1)0’ (‘Ofl-

verted tom tlit aldehvdt dorivative. Although

the rel)orted alco mhol deIrydn’o igenase in lirain

tissue (9, 27) would probably lie capable oil

I’e(lueing o’ertaiui ‘‘bioigenio’’ alolehdes, its

ability to utilize the ‘‘liiomgt’muit’’’ ttldehyd(’s,

part icularly tht(mse jnmsscssinug an a-Ily(irOxyl
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1’ta, 2. Ioht bt (toll oif (11(10/i !/il( re(lule-Ias-e aol iiit q

b!, pelltobarbital

Aldehyde reduct ase activity ut ilizirlg various

o’onrcenrteat ionrs I If 4-his-dr Ixvpirenivlacet aldehiyde

(4-IIPAAId) 0mm p-nit rolmemizaldehyde (K,, =

16 MM) was determilinied as described in the text.
Velocity is expressed as nianroimoles of NADPH
oxidized per muiniute per mnilligrant uif protein) in

the presenro’e If substrate. in cert-nuni reaction

mixtures (�) 1)enrtolbarbital sodium (100 /a,�n) was

incubated with enizynme for approximately 2

mm before tIme additiorr of substrate to start the

reaction I )ata were plot ted hmy the method of
Lineweavem and Burk (20). Nonrconnpetitive in-

hibition of activity was demonstrated; K =

34 MM WRS calculated for jienitobarbital wheni 4-

hvdroxypheniylacetaldehyde was the substrate,

and K1 = �36 MM was detemmninred with p-nitro-

benzaldehyde as the sunhistmate.

group4 on t.lio’ earlit iuiyl -‘ontaining side chain,

is yet to be demtmnstrated. On the other

hand, the ability (if aldehyde reductase to

metabolize partiotnlni’ aldehydes is an mdi-

Dihydroxyphenylglyu’oil (Hegis Chemical

Company) was fiotmrd not to) be a substrate for

horse liver all’ohlll deIrvdrligenrase (Sigma Chem-

ical Comparrv) (B. TahmakofI, U, Amrdersiimn, and

C - \-‘ugrmncii’ , inn pinhml isireol �i msem’vat II IriS ) -

TAnluL 5

Effects’ oiJ’ pyrazole 0111(1 �0fl Iobarbi( (ii (Ill a idehyde

ro(Iuc(a,00 ao(il’itij

lnrhibitiomni of enzyme activity was determined
:tftcr incubating the inhibitor with enzyme for
approximately 2 mmmi. Aldehyde reduo’tase activity
was determined as described in tile text, using

p-nitrohemizaldehyde (600 �t) as substrate.

hlommse liver aiu’oihoml dehydrogermase activity was

(letemminied in react ion mixtures containing pro-

teirm (0.025 mg), NADFI or NADPH (160 MM),

and p-nitrol)enizaidehyde (60() z,�l) in 0.05 M

S(ldi inn phoispliate iii 7.0).

Inhihmitor Irrhit)ition

,�ldehvde Horse liver
re(luctase alcohol

dehydro-
genasea

IC %

Sodiunmu pemrturbarbital, 78h P

ii) mn� 3c

Pyn’azole, 10 mM Oil (3511

96c

horse liver alo’iihitl dehydroigenase was pur-

chased from Signia Cliemic a! C(mmpaniy.

NAI)PH was insed as a cuifau’tor,

NADIT was used as r l-llftu’tor.

cator tmf the preferred pathways for metabo-

lism of many i)iogouuc amines in brain tissue.
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