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Aromatic L-amino acid decarboxylase (AADC, EC 4.L.L,Zg) is a

pyridoxal phosphate-dependent enzyme and has been generally regarded. to

be a single protein entity capable of catalyzing the decarboxylation of

both

5-hydroxytryptophan (5-HTP) to serotonin. The presence of more than one

decarboxylase for aromatic amino acids in different organs and brain

regions has also been suggested by various lines of evidence including

non-para11e1 changes ín brain serotonin and catecholamine levels in
pyridoxine-deficient rats. The present study was designed to test the

hypothesis that the decarboxylation of DOPA and 5-HTp are regulated

-l-L-

ABSTRACT

3 , 4 -dihydroxyphenylalanine

índependently.

characterization of the neuronal DOpA decarboxylase

Pyridoxine deficiency has been shown to have differential effects

on the activity of rat brain aADC usíng either DOPA or 5-HTp as

substrate. Regional differences ín the distribution of AADC activity

towards DOPA and 5-HTP in the rat and bovine brain have also been shown.

Pyridoxal phosphate also binds more tightly to DOPA decarboxylase than

to 5-HTP decarboxylase. Furthermore, the neurotoxin, 1-methyr-4-phenyl-

!,2,3,6-tetrahydropyridine and its metabolite, Mpp+, have been shown to

stimulate 5-HTP decarboxylase but not DOPA decarboxylase. Dissimilar

responses of DOPA decarboxylase and 5-HTp decarboxylase to o-methyl

DOPA, aminooxyacetic acid, hydralazine, and phenerzine have been

demonstrated as we11.

(DoPA)

The objective also included the isolation and

to dopamine and



The above results are consistent with the suggestÍon that these

two decarboxylations are catalyzed by separate proteins. Conclusive

evidence for this notion could only come from the purificatíon of the

suggested proteins. DOPA decarboxylase has now been purified from the

bovine striatum (neuronal) and has properties, such as optimum pH,

molecular weight, surfhydryl group requirement, and inhibítion by heavy

metal ions, símílar to the non-neuronal (e.g. kidney, adrenal) enzyme.

However, the neuronal enz1rme differs from the non-neuronal enz¡rme in its

heat labílity and sensitivity to inhibitors such as aminooxyacetíc acid.

The results of the present study suggest that the decarboxylation

of DOPA and 5-HTP are regulated índependently. However, the resolution

of the question r,¡hether one or multiple proteins are involved in the

decarboxylations of DOPA and 5-HTP ín mammalian neuronal tissues wí11

have to await the purÍfication and characterízation of 5-HTP

decarboxylase as we11.

-l-l-J- -



ACKNOWLEDGEI"IENTS .....i

ABSTRACT .......ii

TABLE OF CONTENTS... .....iv

LIST oF FIGI-IRES ... .vii

LïST 0F TABLES ......ix

ABBREVTAT]ONS. .....xii

CHAPTER I: INTRODUCTION.. .......1

CTIAPTER II: LITERATURE REVIE-W

A. Vitamin BU: An Overview
1. Genera1Metabolism.... .......5
2. Bíochemical Role as a Coenzyme . ........7
3. Role of Vitamin BU Enzymes in the Nervous System . . . . . 11

B. Aromatic L-Amino Acíd Decarboxylase
L. Distribution.. ....1-3
2. Assay Methods ..... 17

(a) Measurement of the amine formed
(i) Separation of the amine by ion-exchange

chromatography 17
(ii) Separation of the amine by solvent

partitíon !7
( iii ) Separation of t.he amine by high

performance Iíquid chromatography (HPLC).... .... 18
(iv) Other separation and detection techniques

for the amine l_9

(b) Measurement of the CO, release
(í) Manometric .... ZO

(ii) Radiometric ... ZO

3. Purification.. ,,,,2I
4, Properties.... ..,.24

(a) Stability ..... 24
(b) Physicochemical properties.. .. .... 26
(c) Active site ... Zg

T.A3LE OF CONTENTS

-l-v-



(d) Substrate specificity... .....32
(e) Inhibitors.... ..... 33

How Many Decarboxylases? .... ... 37

Pyridoxine Deficiency
L. Pyridoxíne and the Nervous System . . . . . 50
2. Experimental Pyridoxine Deficiency... .

3. Monoamine Ievels.... ...53
4. Consequences of Decreased Brain Serotonin .......56

c.

D.

CHAPTER IITI EXPERTMENTA],

SECTÏON I (PART A) ¡ EFFECT OF PYR]DOXINE DEFTCIENCY ON

AROMATIC L-AM]NO AC]D DECARBOXYLASE TN

AÐULT RAT BRA]N

A. fntroduction.. ..60
B. Experimental.. .. 62

1. Materials.. ....,,.62
2. Production of pyridoxine-deficíency ,.. 62
3. Tissue homogenization ....... 65
4. Preparation of pyridoxal 5'-phosphate depleted brain

homogenate.... ....65
5. DOPA decarboxylase assay ....66
6.5-HTP decarboxylase assay.. ......67
7. Measurement of protein.... .......6g

C. Results .... 69
1. Characterization of DOPA decarboxylase activity. ..... 69
2. Characterization of 5-HTp decarboxylase activity. ..,.72
3. Regional distribution of DOPA decarboxylase and

5-HTP decarboxylase. ,, , 72
4, Effect of pyridoxine deficiency ......,72
5. Affinity of DOPA and s-HTp decarboxylases for pi.p .... 7S

D. Discussion. .....83
SECTION I (PART B): EFFECT 0F

A. fntroduction.. .......99
B. Experimental.. .. 94

1. Materials.. .......94
2.. Tissue and sample preparation. ... 95

]NHTBITORS, AND ANTIPYRIDOXINE COMPOUNDS

ON AROMATTC L-AMINO ACTD DECARBOXYLASE

NEtrROTOxtNS, DECARBOXYLASE



3. Enzyme assays .....g5
4. Measurement of protein.... .......97

C. Results.... ..... 9g

3. Effect of the antipyridoxine compounds . . . . 103
D. Discussion. ....105

SECT]ON TI: PURTFICAT]ON OF DOPA DECARBOXYLASE FROM BOVINE

1. Effect of the neurotoxins, MpTp and Mpp*
Z. Effect of the decarboxylase ínhibítors

STR]ATUM

A. Introduction. .

B. Experimental..
l-. Materials . .

2. Enzyme assays
3. Definition of enzyme unit
4. Determination of protein

-vl-

boxylase.. .. .. ,.. 116
(a) Preparation of the crude stríata1 extract .. 1l_6
(b) Ammonium sulfate fractionation ... 116
(c) DEAE-SephaceI column chromatography ...:. ... Ll-7
(d) Sephacryl 5-200 column chromatography . Il.7
(e) Hydrophobic HpLC wirh phenyl 5-pW ..... 118

7, Effects of sulfhydryl reagents and metal catíons .... rr-B
8. Effect of heat treatment ... 119

C. Results ... IZO
L. Regional distribution of decarboxyrase activities ... LzO
2. Purification of bovine striatal DOPA decar-

boxylase .... I2O
3- Properties of bovine striatal DopA decarboxyrase. ... l2o

D. Díscussion. ....135

CHAPTER IV: GENERAL DISCUSSION.... .....140
REFERENCES.... ....14S

5. Polyacrylamide gel electrophoresis at pH B.B
6. Purification of bovine striatal DOPA

98

98

113

114

r_r_4

LL4

l_15

115

115

decar-



L. The metabolism of vitamin 8". .....6

2. Formation of Schiff base between pyrídoxa1 phosphate and a

primary amine ... g

3. The reaction of pyridoxal phosphate with amino acid

substrate ín o,-decarboxylation... ... 9

4. Pyridoxal 5'-phosphate dependent amino acid

-v].r--

LIST OF FIGIIRES

decarboxylases ...... Iz

5. The biosynthetic pathways of catecholamines and

s erotonin

6. fnvolvement of pyridoxíne in CNS ....51

7. The biochemical pathway of serotonín metabolism. ...54

8. The activities of brain DOPA and 5-HTp decarboxylase at

varying pH... .. 70

9. Effect of PLP on DOPA decarboxylase. . . . . .7I

10. Effect of PLP on 5-HTP decarboxylase. ....74

i-l-. The metabolíc fate of MPTP .....91_

L2. Chromatography of bovine striatal DOPA decarboxylase on

DEAE-Sephacel . ..... IZz

1-3. chromatography of bovine striatal DOPA decarboxylase on

Sephacryl 5-200 .... LZ3

L4. chromatography of bovine stríatal DopA decarboxylase on TSK

Phenyl 5PW.. .. IZ4

l-5. SDS-PAGE analysis of bovine striatal DOPA

decarboxylase . ..... IZ7



l-6. Discontínuous PAGE analysis of purification sequence of

bovine stríatal DOPA decarboxylase ,.... LZg

17. Estimation of the molecular weight of DOPA

decarboxylase . ..... Lzg

18. sucrose density gradient centrifugation of bovine striatal

DOPA decarboxylase .... .. 130

19. Effect of incubation at 55oc on bovine striatal DopA

decarboxylase activity. . L34

-vl-11-



l-. Distribution of aromatic L-amino acid decarboxylase in

mammalian tissues ... 15

2. Regional distribution of DOPA decarboxylase in the human

braÍn and the rat brain .. 16

3. (a) Purifícation of DOPA decarboxylase from pig, guinea

-].X-

pí9, and rat kidneys ...... 22

3. (b) Purification of DOPA decarboxylase from various other

LIST OF T.å3LES

tissues .... 23

4. Propert.j.es of purified DOPA decarboxylase. ....25

5. Amino acid composition of DOPA decarboxylase. . . . . . .ZB

6. Amino acid sequence of phosphopyridoxyl peptides from

various amino acid d.ecarboxylases .... . . . 30

7. Relative activities of DOPA and 5-HTp decarboxylase in

various preparation of guinea pig kidneys ... ...... 3g

8. Properties and optimal experimental conditions for rat

brain DOPA and 5-HTP decarboxylase . ..... 45

9. Percentage composition of pyridoxine-deficient diet . . . . .63

l-0. Composition of pyridoxine-deficient vitamin mixture .....64

11. Kinetic parameters of rat brain DOPA decarboxylase and

5-HTP decarboxylase . ..... 73

12. Regional dístributíon of DOPA decarboxylase and 5-HTp

decarboxylase in the rat brain ..,.. 75

13. comparison of DOPA decarboxyrase activity in braín regions

of pyrídoxine-deficient and pyridoxine-supplemented rats . ... 77



L4. comparison of 5-HTP decarboxylase activity ín brain regions

of pyrídoxine-deficient and pyridoxine-supplemented rats . ... 7g

l-5. Distribution of DOPA decarboxylase and 5-HTp decarboxylase

activities in pyridoxine-deficient rat brain regions

relatíve to that in pyridoxine-supplemented (normal) rats ... go

16. Effect of dialysis on whole brain DopA decarboxylase and

S-HTP decarboxylase . ..... g1

L7. Effects of MPTP and MPP* on whole brain DOpA decarboxylase

and 5-HTP decarboxylase activities in the rat .. ... gg

18. Effects of deprenyr on whole brain 5-HTp decarboxylase

activíty in the presence of 5 ¡:M MpTp and Mpp+ . .. 100

l-9. Effects of MPTP, MPP+, pargyline, and deprenyl on MAO

actívity in crude brain mítochondrial preparations .... L01

20. Effects of decarboxylase inhibitors on stríatar DopA

decarboxylase and hypothalamic 5-HTp decarboxylase

activitíes in the rat .. . 1,Oz

zr. Effects of antí-pyrídoxine metabolites on striatal DOPA

decarboxylase and hypothalamic 5-HTp decarboxylase

activitíes in the rat .. . 104

22. Regional distributíon of DopA decarboxylase and 5-HTp

decarboxylase in the bovine brain . i-Z]-

23. Purífication of DOPA decarboxylase from bovine striatum. . . , .rz5

24. Effects of reducing agents and sulfhyd.ryl reagents on

bovine striatal DOPA decarboxylase activity . l_31

25. Effects of metal ions on bovine stríatal DOpA decarboxylase

activity . 133



26. comparison of molecular weights of DOpA decarboxylase from

varr-orls sources ....L37

27. Properties and optimal experimentar conditions for brain

DOPA decarboxylase and 5-HTP decarboxylase. . L43

28. Comparison of the properties of DOPA decarboxylase from

neuronal and non-neuronal tissues . L4S

-xl--



5-HT:

5-HTP:

AADC:

AOAA:

CAD/CSAD:

CNS:

c0^:¿

DA:

DFMD:

DOPA:

DTT:

EEG:

GABA-T:

GABA:

GAD ¡

HDC:

HPLC:

MAO:

}fFMD:

f
MPDP' :

I
MPP, :

MPTP:

NAS:

NSD 1015:

Serotonin ( 5-Hydroxytryptamine )

5 -Hydroxytryptophan

Aromatíc L-amino acid decarboxylase

Aminooxyacetic acid

-xií-

ABBREU[.å,TIONS

Cysteic acid/cysteinesulfinic acid decarboxylase

Central nervous system

Carbon díoxíde

Dopamine

D, L- s-Dif luoromethyl -DOPA

3, 4 -Dihydroxyphenylalaníne

DL-Dithiothreirol

electroencephalogram

GABA-transaminase

y-Arninobutyric acid

Glutamic acid decarboxylase

Histidine decarboxylase

High performance liquid chromatography

Monoamine oxidase

D, L- s-Monof luoromethyl -DOPA

1 -me thyl - 4 - phenyl - 2, 3 - dihydropyridinium cation

1-Methyl - 4 -phenylpyridinium

1--Methyl - 4 - phenyl - L, 2, 3, 6 - te trahydropyridine

N-Acetyl s erotonin

m-Hydroxybenzylhydraz ine



NSD 1034:

NSD 1 055:

PAGE:

PLP:

SDS:

N- ( 3-Hydroxybenzyl) -N-methylhydråzine dihydrogen phosphare

4-Bromo-3-hydroxybenzyloxyanine dihydrogen phosphate

Polyacrylamide ge1 electrophoresis

Pyridoxal 5'-phosphete

Sodium dodecyl sulfate

- xl- l- 1-



-l--

CHAPTER I

T¡TTRODTICTTON



Introductlon

central nervous system.

Pyridoxíne-dependent enz)rmes have been widely investigated in the

dopamine, norepinephrine, and seroLonin, involves a pyridoxal phosphate

(PLP)-dependent decarboxylatíon step. It has been suggested that the

enzyme involved, aronatic L-amíno acíd decarboxylase is a single protein

entíty capable of decarboxylating a variety of amino acids including

3,4-dihydroxyphenylalanine (DOPA) and 5-hydroxytryptophan (5-HTp). fn

view of the contradictory evidence, there is as yet no agreement on the

-z-

unitary nature of this enzyme.

the synthesis of the neurotransmitters,

decarboxylase for aromatic amino acids in different organs or brain

regions has been suggested by various lines of evidence. Thís includes

earlier work from this laboratory r,¡hÍch reported that pyridoxine

deficiency causes non-para1leI changes in the brain serotonin and

catecholamine levels. The affinity of the coenz)rme for the different

apodecarboxylases could vary. The activity of the decarboxylase with

the most tightly bound coenz)rme would be higher than those with lesser

affinities between the apoenzyme and coenz¡¡rne. The objective of this

thesis is to investigate the enz)rmes responsible for the decarboxylation

of DOPA and 5-HTP in the mammalían brain. The results of this study

would enable us to examine the regulatíon of these enz)rmes.

The thesis is divided into three major chapters: a literature
review section, an experimental sectj-on and a general d.iscussion. The

literature review begins with a brief discussion on vitamin BU and its

role in PlP-dependent reactions. Thís is followed by a review of many

The presence of more than one



aspects of the enzyme of interest, aromatic L-amino acid decarboxylase

(AADC); these íncludes the tissue distribution, methods of assay,

purifícation, and some general properties of the enzyme. Following that

is a review of the various lines of evidence ín support of the "single

enzyme" and " separate enz)rme" hypotheses. The final part of the

literature revíew deals with certain features of the experimental

pyridoxine deficiency, with special emphasis on the changes in brain

monoamine Ievels and the physiological consequences of decreased brain

serotonin levels, resulting from pyridoxine deficiency.

-3-

The experimental results are divided into two sections with a

brief introduct.ion and díscussíon for the individual sections therein.

The first section is divided ínto two parts r.¡hich characterize the

nature and properties of the decarboxylatíon of DOPA and 5-HTP by AADC

in the rat brarn.

deficiency on AADC while part B describes the in vitro effects of the

neurotoxins, l-methyl-4-phenyl-r,2,3,6-tetrahydropyridíne, and l-methyl-

4-phenylpyridiníum on AAÐc. Also included in this latter parr is a

brief examination of the effects of various decarboxylase inhibitors and

anti-pyridoxine metabolites on AA-DC. The second section deals with the

purification and characterization of DOPA decarboxylase from bovine

s triatum.

Part A delineates the effects of pyridoxíne

A general discussion section is presented in the last chapter



ffi
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A. Vltsrn{rr B.: An Overvieçr

1-. General Metabolism

Vitamin 86 is a generic descriptor v¡hich íncludes three closely

rerated compounds, pyrídoxine, pyridoxal, and pyridoxamine, which are

ínterconvertible biologically (Dakshínamurti, lg77; Ebadi and

GovÍtrapong, 1980; Dakshinamurti, L9B2¡ Lehninger, lggz; Bender, 19g5).

All three forms of the vitamin can also exist as the 5'-phosphate

esters, pyridoxine 5'-phosphat.e, pyridoxal 5'-phosphate (pI,p) , and

pyridoxamine 5'-phosphate. The interconversions of the BU vitamers are

LITER.ê,TIIRE REUTEI{

-5-

shown in Figure 1.

phosphoryrated by pyrídoxar kinase IEC 2.7.j-.35; also known as

pyridoxine kinase and pyrídoxamine kinase], an enzyme which is found in

a variety of tissues (Mccormick and Meri11, 1990). rn the brain,

pyridoxine kinase is regulated by several factors such as inhibition of

enzyme activity by the levels of PLP and monoamines, and activation by

braín phospholipíds (Dakshinamurti, Ig77,j_gBZ).

All three non-phosphorylated vitamers are

pyridoxine 5'-phosphate are acted upon by pyridoxine 4-oxid.ase

IEC ]-.1-.3.121 to yield rhe aldehydes (Bender, 1985). This oxidase is
strongly inhibited by PLp, the end-product of the pathway

(Dakshinamurtí, r977,rgïz; Bender, 19g5). Thus, the kinase and oxidase

could control the cellular level. of plp. rn the free form, the

phosphorylated coenzymes are hydrolyzed by the various phosphatases. To

serve as coenz)rmes, a large part of plp is proteín-bound. Thus, the

Pyridoxine and
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levels of PLP ín the tissue is balanced by

sequestration as the protein-bound form

degradation by phosphatases (Dakshinamurtí,

the vitamin 86 is rapidly metabolized to

r.98s ) .

Biochemical Role as a Coenzvlne

Pyridoxal phosphate is the major coenzymatic form of vitamin 86

although pyridoxamine phosphate can also function as a coenz)Ete in

transamination reactíons (Dakshinamurti, rg77,r9ïz; Bender, L9g5). The

princípal biochemical reaction is between the carbonyl group of PLP with

a primary amine (usuaIly a lysine residue of a protein) to form a Schiff

base (Figure 2). The 5'-phosphate group of pl,p is requÍ.red for binding

to ensure the correct alignment of the coenzyme at the catalytic site of

the enzyme (Bender, l-985). fn the presence of a substrate, the internal

Schiff base is displaced by the formation of a Schiff base aldimine via

the condensation betr,¡een the carbonyl group of PLP and the -amíno group

of the substrate (Figure 3). This results in a destabílized carbon atom

of the substrate that is adjacent to the aldimino group. Many further

reactions can take place depending on the site of elimination and

replacement. of the substituents. These reactions include deamination,

decarboxylation, desulfination, oxidative deamination, racemization, and

transamination (Dakshinamurti, lgBz; Bender, 19g5). The mechanism for

PLP-dependent decarboxytation has also been proposed (Boeker and Sne11,

I972; Snell, 1981 ) .

-7-

the rates of

and by the

L977 ,1982) .

4-pyridoxic

its synthesis,

rate of its

Any excess of

acid (Bender,
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As a result of the destabilízation of the substrate, a series of

reactíons can take pIace. These can be classified into three groups

depending on which carbon atom of the substrate is involved

(Dakshinamurti, L977,L?BZ). Reactíons occurríng at the 6¿-carbon atom

are catalyzed by transaminases IEC 2.6.1.x], racemases of a-amino acid

IEC 5.1-.L.x], amino acid s-decarboxylases IEC 4.1.1.x], and enz)¡mes

catalyzing condensation of glycine and the o-ß cleavage of þhydroxy

amino acids such as S-aminolevulinic acid synthetase IEC 2.3.L.37],

glycine hydroxymethylase IEC 2.!.2.Li serine hydroxymethylasel, and

seríne palmitoyltransferase IEC 2.3.1.50]. The reactions that occur at.

the $-carbon atom are catalyzed by serine dehydratase IEc 4.z.r.L3l

-L0-

threonine dehydratase IEC 4 .2.L.]-6), cystathionine g -synthase

IEC 4.2.7.22], tryptophan synthase IEC 4.2,1-.ZO], rryptophanase

IEC 4.1.99.1], kynureninase IEC 3.7.1.3], and aspartate 4-decarboxylase

IEC 4.1.f.]-21. The last group of reactions which occur at the ]-carbon

atom of the substrate are catalyzed by enz)rmes such as homocysteine

desulfhydrase IEC 4.4.r,2] and y-cystarhionase IEC 4.4.1.1]. Besides

this, a structurar role for PLP in glycogen phosphoryrase IEC 2.4.1.11

has also been demonstrated (Hedrick, L972), rn t.he brain, energy is

supplíed mainly by blood grucose rather than from glycogen as the

glycogen reserves are modest. Thus, ín pyridoxine deficiency, the

decrease in phosphorylase activity did not have any adverse effect on

cerebral glucose metabolism (Dakshinamurti, 1-982).



3. RoIe of Vítamin BU Enzymes in the Nervous System

Pyrídoxal phosphate-dependent enz)rmes have been widely

investigated Ín the nervous system (Dakshinamurti, Lg77,lg8z;

Dakshinamurt.i et a7., l-985a). These enz)¡mes include the various amino

acid decarboxyl-ases r¿hich are involved in the synthesis of varíous

díamines and polyamines (putrescine, spermidine, and spermine), and

various putative neurotransmitters such as dopamine, serotonin,

tyramine, tryptamine, histamine, y-aminobutyric acid (GABA) , and taurine

(Figure 4). Therefore, vit.amin BU plays a crucial role in maintaíning

an equílibriurn of neurotransmítters, via the regulation of their

syntheses, in the nervous system.

-11-

The synthesis of all sphingolipids - sphingomyelin, cerebrosides,

sulfatíde, globosides, and gangliosídes - stems from the inítial

synthesis of sphingosine. sphingosine, in turn, ís derived from the

condensation of serine and palmitoyl CoA, a reaction eaLalyzed by a PLP-

dependent enzyme: serine palmitoyltransferase.

deficiency, sphingolipids synthesis is inpaired leading to defective

myelination seen in experímental animals (Dakshinamurti , rg}z). The

involvement of vitamin 86 in polyamine synthesis also plays a crucial

role during the maturation period of the nervous system. Since PLP

functions as a cofactor for ornithine decarboxylase, pyridoxine

deficiency will lead to a decrease in enz)rme activity and polyamine

synthesís (Dakshinamurti, L98z). This may affect protein synthesis

through effects on gene expression by polyamines. A defective synthesis

of various neuronal proteins - both structural and functional - in

In pyridoxine



AROMATTC A-T,ÍTNQ ACTD ÐECAREOXYLASE

3,4-Dihydroxlphenylalanine _- Dopamine + CO2

S-Hydroxytryptopha. .--3,- Serotonin + cO2
phenylalanine _____Þ phenylethylamine + CO2

Tyrosine __--}a- Tyramine + CO2

CYSTETC ACTD DECARBOXYLASE

Cysteic acid, .----Þ.Taurine + Ce2

GLUTA-\,ft C ACTD DECARBOXYLASE

Gl-utamic acid 

-y_Aminobutyric 

acid + CO2

H T S T T D TNE D E CARBOXYLAS E

Histidine .--}bHistamine + Ce2

ORNT THINE DE CARBOXYT,AS E

Ornithine ______Þ putrescine + CO2

-1 2-

FJ-grure 4. P1'rldoxal 5,-phosphate d,ependg¡! nmJno acLd. decarboryLasee



combination wíth inpaíred myelínation will have drastic effects in the

functional integrity of the central nervous system.

3. Aromatlc L-Amino Acld Decarbox'ylase IEC 4"1"1.28)

l-. Distribution

The PLP-dependent enz)rme, aromatic L-amíno acid decarboxylase

(AADC) has been suggested to lack substrate specificity and to be

ínvolved in the synthesis of the neLrrotransmitters, dopamine and

serotonin (Lovenberg et aJ., L962) (Figure 5). since dopamine is a

precursor for norepinephrine synthesis, AADC also plays a role here.

However, the decarboxylation step is not generally considered to be the

rate-1imíting step in the biosynthesis of dopamine, norepinephrine, or

serotonin. The hydroxylation of the precursor amino acids is considered

-t-3-

Lo be the rate-limiting step (Figure 5). Aromatic L-amíno acid

decarboxylase has been studied extensively in a variety of mammalian

tissues especially the adrenals, brain, kidney, and river (Table 1)

(Boeker and snell, r972; sourkes, ]-979, 1987; Ebadi and Govitrapong,

1980). rn the brain, the concentration of the enzyme is very row and

there is considerable regional variation in the distribution of the

enzyme activity (Sourkes, I979).

brain (Lloyd and Hornykiewicz, L97z) and the rat brain (sims et aJ.,

1973) (Table 2).

This was observed in both the human
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Distribution of Àromatic L-Amino .Acid
in Mammalian Tissues

Tissue Source

,r(d L

Àdrenals
Brain
Heart
Kidney
Large Intestine
Liver
Lung
Pineal
Serum
Small- fntestine
SpIeen

Guinea Pig
Àdrenals
Brain
Heart
Kidney
Liver
Lung
Serum
Small Intestine
Spleen

-1 5-

Table 1

DOPÄ decarboxvlase

L
35 3!
L67a

72b
23004

45b
¡ arnã.IÕO /

LTTA

1400"
0.060c

g50a

5b

504
g3a
rrâJJ

26334
7L7a

17a
0.35c
L2I7 A

L7a

Decarboxylase

5-HTP Decarboxylase

¡-44"
504

2b
4334
10"

4004
l7a

2t7b
0.034c

3504
¡rT"

504
504
334

LT67A
20oa

774
0.18c

867 a

L7a

-varlres are expressed in nmores of product formed. (dopamine
or serotonin)/min/g tissue dry wt. (Davis and. Awaoara,
1960 )

'val-ues are expressed. in nmores of prod.uct formed. (dopamine
or serotonin) /min/g tissue r+et wt. (Rahman et aJ. , 19B1b) .

cvarues are expressed. in nmores of prod.uct formed. (dopamine
or serotonin)/min/mt (Rahman et aJ., 1981a).



Regional distribution of DOPA

in the Human Brain and the

Brain Regions

-1 6-

AmygdaJ.a

Caudate nucleus
Corpus striatum
Cerebell-um
DorsaL raphe
Frontal- cortex
Hippocampus
Hlpothal-amus
Locus caeruleus

Table 2

Decarboxylase
Rat Brain

Human Braina

Medulla oblangata (whole)
Medul-Ia-pons, Lateral
Medull-a-pons, Midline
ÞIesencephalic tegmentum
Midbrain tectum
Occipital cortex
Parietal cortex
Pineal- gland
Putamen

Thal-amus

2B

366

2B

134

32

n"d.
L49

46

24

-
252

77

22

2!
2t3
432

2t

Rat. Brainb

avalues are enz].me activity expressed as n*o]es of

c

18.7
1"6

3"1
2.4
8.6

¡le
5.4
9.0
5"2
r_ .9

formed/2 h/r00 mg protein; n.d.= not detectabre (Lroyd
Hornykier¡ticz, 797 2) .

þValues are enzyme activity expressed as umoles of COZ
formed/h/g wet weight of tissue (Sims et aJ., 1973).

cthis activity was not d.etermined..

coz
and



2, Assav Methods

Aromatic L-amino acid decarboxylase can be assayed by a variety of

methods of differing sensitivities and levels of simplicity (Sourkes and

Lancaster, 3-972; Duncan and sourkes, 1978; culvenor and. iovenberg, 19g3;

Sourkes, l-987). These methods measure the formation of either of the

decarboxylation products, the amine (usually dopamine or serotonin) or

carbon dioxide. The reaction, using either 3,4-dihydroxyphenylalaníne

(DOPA) or 5-hydroxytryptophan ( 5-HTP) as substrate, proceeds as

f o11or,¡s: -

PLP

-L7 -

DOPA #Dopamine + COz

s-HTP-Serotonin + COz

(a) Measurement of the amine formed

(i) SeparatÍon of the amine by ion-exchange chromatography - Activated

Permutit (Dietrich, l-953) and activated alumina (Anton and sayre, L96z;

Freed and Asmus , I979 ) were initially used for extracting the amines

formed. These were replaced by the more versatile ion exchangers,

Dorqex 50 (Bertler et a7., 1958; Hakanson and or¿man, 1966) and

Amberlite cG50 (Davis and Awapara, 1960; Roberge, Lg77) for retaining

PLP

dopamine (DA) and serotonin ( 5-HT) , respectively.

subst.rates have also been used to increase the sensitivity of this

techníque (Hakanson and Owman, 1966).

(ii) Separation of the amine by soLvent partition - This procedure

involves the extraction of the product into 1-butanol directly from the

Radiolabeled



reaction mixture, whÍch has been saturated with sodium chloride. This

technique has been used to extract 5-HT at pH 10 (Kuntzman et aJ., j_961)

and has been adapted to extract DA at neutral pH (Laduron and Belpaire,

1968). Mixtures of butanol-chloroform (snyder and Axelrod, ]-964) or

butanol-benzene (christenson et af., L97o) have also been used for

extraction. To improve sensitivíty of assays using this technique,

tlacl- and ¡3n1-tabeled substrates have been used.

(iii) SeparatÍon of the amine by high performance Tiquid chromatography

(HPLC) - This relatívely new technique offers much higher sensÍtívity

than previous ones, especially when combined with electrochemical

detection. However, this technique requires careful manipulat,ion in

order to attain high sensitivity and reproducíbility. The most widely

used column ís the CtU reverse phase column (e.g. uBondapak Ultrasphere

oDS or Yanapak ODS-T or cP Microspher). Thís column is used in

-18-

conjunction with a mobíle phase consisting of a mixture of an acidíc (or

neutral) aqueous buffer, sometímes with a certaín proportion of methanol

and/or acetonitrile. The method has been used in the determination of

AADC activity using either DOPA (Nagatsu et aJ., 1979; D'Erme et a7.,

1980; Rahman et aL. , 198J-a,b; Rahman and Nagatsu, rggz; Boomsma et aJ.,

1986; Lee et a7.,1986) or 5-HTP (Rahnan et aL.,1980, 19B1a,b; Rahman

and Nagatsu, J-982) as substrate. Most of these methods were used in

combination with an electrochemical detector except for a few which

utí1ize spectrofluorimetric detectíon of native fluorescence after

excitation at 254 run (Anderson and Purdy, 7g7g), spectrofluorímetric

detect.ion with pre-column derivaLization (excitation at 350 nm and

emission at 480 nm; Lee et aJ., 1985, 1986), and detection of absorbance



at 280 nm (D'Erme et aJ,, L980). The HPLC procedures have allor,¡ed the

determination of AADC actívity in a variety of tissues (Rahman et a7.,

1981b; Rahman and Nagatsu, r982i Lees et al,,1985) including serum and.

plasma, whích have very lov¡ enzyme activity (Rahman et al., 19g1a;

Boomsma et aJ. , l-986; Lees et aJ. , 1985, l-986 ) .

(iv) )ther separation and detection methods for the amine - The DA

formed from the decarboxylation of DOPA can be oxídized by bovine serum

amine oxidase conjugated to Sepharose 48. The aldehyde thus formed by

the i¡rmobilized enzyme can then reduce NAD, in the presence of aldehyde

dehydrogenase, to form NADH leading to an increase in absorbance at

-l_9-

340 nn (Rosei et af, 1984).

derivat.ization of DA with pentafluoropropionic anhydride, followed by

gas chromatography (Wong and Sandler, Lg74), or the derivatization of DA

with 1,2-diphenylethylenediamíne, followed by direct spectrofluorimetry

or by reversed phase HPLC rsith fluorimetric detection (Lees et aJ.,

L985). The liquid cation exchanger, bis-diethylhexylphosphoríc acid in

chloroform, which separates the amine products from the amino acid

substrates, has also been used (Mccaman , J-g7z; vaccari , J.976) . saavedra

(I976) also reported a sensitive radíoenzymatic mícroassay for 5-HTP

decarboxylase. This assay requires a stepwise enzymatic conversion of

5-HT to [3H]melatonin via the intermed.iate methylation (using [3¡l-

methyl]-s-adenosyl-methionine) of N-acetylserotonin. A spectrophoto-

metric assay for DOPA decarboxylase has also been reported (Sherald

et a1., I973; Charteris and John, 1975). This method requires the

reaction of DA with t.rinitrobenzenesulfonic acid to form

Two other methods involve Lhe



trinit rophenyl dopamine,

quantitated by measuring

(b) Measurement of the C0, release

(í) Manometric - This techníque is only of historÍc significance whereby

the warburg apparatus is used (culvenor and Lovenberg, l-983; sourkes,

1987). However, this technique has led to the development of the

radíochemical '0"o, trapping technique, which is now being used widely

for many decarboxylase assays.

(ii) Radiometric - This sensítÍve radiochemical technique measures the

release of toro, from Icarboxyl-r4c]-labeled substrat.es. The reaction

is allowed to proceed in an enclosed system and thus the radioactive CO,

released from the reaction mixture is captured on alkali (KOH)-soaked

fílter paper or in hyamine hydroxide or in NCS (Amersham Radiochemical).

This method originally lras used to assay only DOPA decarboxylase

activity (christenson et al., L97o; Lloyd and Hornykiewicz, r970;

Lamprecht and coyle , L972). with the recent avairabirity of the

Icarboxyl-r4c]-5-HTP, this method can now be adapted to measure 5-HTp

decarboxylase activity as r,¡el1. A major criticism of this techníque is

that it also measures the non-enzymatic breakdown of DOPA, an event

occurring under certain incubation conditions, both in the presence and

absence of tissue (vogel et aJ, , 1-970, l97z; Mackor.riak et aJ. , rgTz) .

However, this non-enzymatic decarboxylation of DOPA can be prevented by

the addit.ion of EDTA and 2-mercaptoethanol (Mackowiak et a7., Lg7z,

:-.975;Okuno and Fujisar,ra, 1983).

which is then extracted

its absorbance at 340 nm.

-20-

ínto benzene and



It should also be noted that ín the enzymatic decarboxylatíon of

either DOPA or 5-HTP, the cofactor PLP may form adducts with either

substrate (schott and c1ark, 1952: Tran, L97z; Dominici et a7., 1984),

resulting ín a decrease in enzyme activíty.

3. Purificatíon

DOPA decarboxylase has been purified to apparent homogeneity from

tissues such as the guinea pig, pig, and rat kidneys (christenson

et al., L970; Lancaster and sourkes, L97z; srinívasan and Awapara, l97gi

Borrí voltattorni et al., 1979; shírota and Fujisawa, 19BB), bovíne

adrenals ( ceasar et al. , 'J,9701 Goldsteín , LgTz; Albert et â1. , lggT ) ,

rat liver (Awapara et a7., L962; Ando-Yamamoto et a7., r9B7; Dominíci

et aJ,, 7987) and human pheochromocytoma (Maneckjee and Baylin, 1983;

fchinose et a7., l-985) (Tables 3(a) and 3(b)). The enzyme has also been

partially purified from the small intestine of monkey (MuraIi and

Radhakrishnan, l-970). Recently, the purification of DOPA decarboxylase

from bovíne brain stem, by affinity chromatography using a monoclonal

antibody against the adrenal enz)rme, has been reported by Nishigaki and

co-vrorkers (1988).

The índividual papers shourd be consulted for detailed

purification schemes. Generally, the purífication procedures involved

the initial extraction of DOPA decarboxylase r¿ith isotonic sucrose or

phosphate buffer, containing stabilizers such as PLP, 2-mercaptoethanol,

and EDTA. This was usually followed by ammonium sulfate fractionation

or acid, heat or protamíne sulfate treatment (see footnot.es to TabIes

-2L-

3(a) and 3(b)) The range of saturation most coirrnonly used for the



Procedurea

Purification of DopA Decarbo)(ylase from pig, Guinea pig, and Rat Kidneys

Tissue source

Assay conditions
SubsÈrate
Temperature
pH

Specific activitye

Purification fold

Yield ( t )

-22-

Pig kidney

¡r-14c¡ooea
3 7oc

7.O

8670

332

to

rÀBL3 3 (a)

aProcedu¡e À: Àmmonium suLfate fracÈionation, heaÈ Èreatment (5

Pig kidney

DL-5-HT/
3 7oc

6.8

352

]-92

18

B: Heat treatment ( 5 rnin at 5Ooc) , ÀÍunonium sulfate fractionation, DEÀE-
sephadex, HydroxyapatiÈe, sephadex G-150 (Lancaster and sourkes , Lg72).

c: ÀÍmoniuln sul-fate fractionation, DEÀE-ceLJ-ulose, QÀE-sephadex, sephadex G-l00superfine (Borri Voltattorni et a_¿., 1979).
D: À.'n,nonium surfate fractionation, p-11, DE-52, Hydroxyapatite, sephacryr s_200' Blue-sepharose, DE-52, Phenyl-sepharose (shirora and FuJisavra, 1988).E: Àmrnoniu¡u sulfate fractionation, Butyl-agarose, DEÀE-sephadex, Hexy.r-_agarose,

Sucrose gradient (Srinivasan and Àwapara, l97g).òsi""t this substrate is decarboxyrated at a much srower rate than DopÀ, vatid comparisonrequires that enzyme units be muJ-tiptied by a factor of 5 (sourkes, 1gg7).clhis substrate is decarboxTrated at a higher rate than DopÀ, thus Èhe enz],me activity
-reported is sJ-ightly higher (r.4-ford) rhan when DopA is used.dThu 1or". incubation temperature for the assay yields lower enzyme activity than that ofother pxocedures.

especific activity is defined as units/mg protein; one enzyme unit is the amount of enzymethat produces 1 nmore of pxoduct (co2 or amine) per min at the temperature specified.

Cgu^ra 9ef, Polyethylene glycol precipitation,
Sephadex, Hydroxyapatite (Christenson et al., 1970).

Pig kidney

L-DOPÀ

2socd
6.8

3069

209

tr

Rat kidney

¡ r-1 4c 
¡ ooea

37oc
7.0

11,056

L024

14

Guinea pig kidney

o-tyrosinec
3 7oc

7.L

9350

11A

9

min at 50oC), Alumina
DEÀE-cel,Iulose, DEÀE-



P¡ocedurea

Tissue source Monkey
SmalI Int.est,ine

Àssay conditions
SubsÈraÈe DL-s-HTIÈ
Temperature 37oC

PH 8.0

Specific activityd 35e

Purification fold 26

Yield (t) rZ

Purification of DOPA DecarboxTlase from Varj.ous Tissues

TÀ¡La 3 (b)

aProced.ure

Human
Ph eo chromo cytoma

l.-nôÞ ¡

3 7oc
t.¿

10,300

3430

33

ProÈamine surfate treat'.ent, heat t¡eacmenc (2 min at 55oc), ogÀE_s"pl,u.i.*

G: Àcid treaÈnenr' (p¡r 4.7), DEÀE-sephacer, Ger permeaÈion HPLC, Hydrophobic
HPLC (phenyl-spw) (Ichinose ec ¿-1., l9g5).

H: Heat treatmenÈ (5 min at 5ooc), DEÀE-celrurose (Èdice), phenyl_sepharose,
Hydroxyapatì.te, Sephade.x G-I00 (À¡do-yamamoto eË â-¡., 19g7).

r: DEÀE-BioGel, phenyr-Sepharose, Hydrophobic HpLc (phenyr-5plr) (Dominici
er ¿1. , 1987 ) .

(Mural-i and Radhakrishnan, 1970).

Rat Rat
Liver Liver

L-DOPÀ L.DOPÀ
37oc 25occ
6.9 6.8

5,900 3,330

790 1189

K: DLq-E-sephacer., Honocronar affinity corumn (Nishigaki ec ar., rgBB).òsi"tt this substrate is decarboxylat.ed aÈ a much slower rate than DopÀ, vaÌid comÞarison
requires thar enzl'ne units be murt.ipJ,ied b'¡ a factor of 5 (sourkes, lggT).cThe lorer incubation temperaÈure for the assay yields lower enzl¡me activity than thaÈ of
other procedu¡es.

dspecific activity is defined as units/mg protein; one enzlrme uniÈ is ¡he amount of enzme
that produces I nmol-e of product (co2 or amine) per min at the temcerature specified.eThi= en"y e PrePaxation is onJ-y partiarly purified which accounÈs for the re.Latively 1ow
enzl¡me activiÈy.

J: Àmmonir¡m eulface fracÈionaÈion, DEÀE-cellulose,
Hydroxyapatite (Alberts ec a-l., l9g7).

Bovine
Àdrena I s

¡ r-r4c1oore
3 7oc
7.0

5,102

588

1a4-2

Bovine
Brains tern

L-DOPÀ

37oc
a1

43.3

476

919

Sephadex c-200,



ammoníum sulfate precipitation at O-4oC is between ZS-SSZ. This witl

result in a 2- to 4-fold purification over the crude extract. After

undergoing varíous chromatographic steps (rnost of them are of the open-

column type r,¡hile the more recent procedures have utilízed the

relatively faster HPLC), the final enzyme preparations were shor.¡n to

have different specific activities (ranging from 3000 to

lL,000 nmoles/min/mg protein) when purified from different tíssues.

This índicates that either some of the preparations were purified only

to apparent homogeneity or partially denatured during purification or

that the intrínsic specific activitíes of the enz)rme from different

tissues are different. As noted in Tables 3(a) and 3(b), the specific

activity of the finar enzyme preparations purified by procedures B, E,

and F cannot be compared dírectly with the others since substrates other

-24-

than DOPA were used.

preparation from the smalI intestine of the monkey r.¡as only partially

purified and the activity rvas assayed using DL-5-HTP as substrate

(Murali and Radhakrishnan, 1970). This can account for the relatively

1ow specific activity of the enz¡rme preparation.

4. Properties

It should also be noted that the enz)rme

Some general properties of DOPA decarboxylase purified from

various tissues have been summarized in Table 4. The best characterized

DOPA decarboxylase is from the pig kidney. The r.¡ork has mainly been

reported by Borri Voltattorni and co-workers (J-9g7).

(a) StabiJity - DOPA decarboxylase purified fro¡Tthe pig kidney has been

reported to be relatively stable in 0.1- M phosphate buffer containing
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1 mM dithiothreitol (Borri Vo1tatt.ornL et a7.,1987). There was no loss

in enzyme activity for 2 months when stored at -zOoC. Nevertheless,

this pig kidney decarboxylase showed no loss of activity even r.¡hen

incubated at 25oC for at least 4 hours. In contrast to the findings on

the pig kidney enzJrme, the partially purified enzyme from the smalI

intestine is extremely labile even in the frozen state (Murali and

Radhakrishnan, r970). Attempts to stabilize the enz1rme were not

successful and this prevented íts further purification.

(b) PhysicochemicaL properties - The relatíve molecular weight (Mr) of

the native pig kidney decarboxylase has been reported to range from

85,000 - 90,000 (Lancaster and sourkes, L972) to l-03,000 dartons (Borri

voltattorni et a7., irgTg) and 112,000 dartons (christenson et a7.,

1970 ) . This kidney enzyme r¡¡as also shown to be a dimer of two non-

ídentical subunits, with M, of approximatery 43,000 and 50,000 by sDS-

polyacrylamide geI electrophoresis (Lancaster and Sourkes , lg72; Borri

voltattorn! et a7,, ]-979). However, christenson et a7. (r970) suggested

the presence of three subunits v¡íth the molecular weights of 57,000,

40,000, and 21,000. Moreover, in the rat kidney (Shirota and Fujisawa,

L988), rat liver (Ando-Yamamoto et al., L987; Domínici et a7., ]-9B7),

bovine brainstem (Nishigaki et a7,, 1988), and human pheochromocytoma

(Maneckjee and Baylin,1983; Ichinose et a7., l-985), the enzyme (natíve

molecular weight: l-00,000) is reported to be composed of two identical

subunits with M, of 50,000. Recently, bovine adrenal DOPA decarboxylase

is reported to be a homodimer of a 56,000 dalton monomer subunit (Albert

et aJ., 1987) whereas the rat kidney enzJrme is a dimer consistíng of

identical subunits with M, of 48,000 dalton (Shirota and Fujisawa,

-26-



l-988). The reason for the discrepancies is yet to be elucidated. When

enz]¡me preparations from bovine adrenal (Albert et a7., 19g7), pig

kídney (christenson et al.,l-970), and rat liver (Dorninici et aJ., LggT)

were analyzed by electrophoresis on non-denaturing polyacrylamide gels,

most of the enzyme activities l{ere assocíated with a broad band

suggesting a heterogeneous charge distribution. Furthermore, Dominici

et aL. (1987) suggested that the pig kidney and the rat líver DOPA

decarboxylases may present dÍfferent surface hydrophobic sites as their

retention times on hydrophobic HPLC were different.

-27 -

The ísoelectric point of the rat liver DOPA decarboxylase was

determined to be 5.7 (Ando-Yamamoto et a7., L987) while the purified rat

kidney enz)rme r^Ias resolved into multiple protein bands focusing at the

regions of pH 5.6-5.85. Using aromatic L-amino acid decarboxylase

partially purified from the rat brain, rat adrenal, and bovine adrenal,

isoelectric points of 5.5, 5.5, and 5.0, respectivery were obtained

(Park et a7.,1-986). These results also agree with the observation that

enzymes from different tíssues exhibited heterogeneous charge

distribution under non-denaturing conditions as described previously.

The sedimentation constant of the pig kidney enzyme was deterrnined

to be 5.82 by Christenson and associates (L970) and 6.4 by Borri

Voltattorni and co-v¡orkers (1979).

decarboxylase activity ranges from 6,8 to 7.2 (Table 4). The amino acid

composition of the enzyme from various tissues has also been determíned

(Table 5). DOPA decarboxylase from the pig and rat kidneys, and rat

liver have comparable amino acid compositions. In contrast, the enzyme

from human pheochromocytoma contains relatively lower amounts of

The optimurn pH for DOPA



Àmino acid

Amino Àcid Composition of DOPA Decarboxylase

-28-

Aspartic acide 64

Threonine 35

Serine 55

Gl-utamic acide l-07
Proline 50

Glycine 89

Al-anine 1I0
HaIf-Cystine 2L

Va1ine 64

l"lethionine 23

Isoleucine 4L
Leucine L25
Tyrosine 28

Phenylalanine 55

Histidine 25

Lysine 48

Àrginine 58

Trllptophan 18

[able 5

Pig
Kidneya

Residues /molecute

Kidneyö
Rat

54. B

3s. r_

51 .1_

84 .6
32.0
5s.5
84. B

2r.2
54.8
19.4
43 .7
87 .0
28 .2
50.1
2r.5
34 .4
57 .L
L2.9

Rat
FLrver"

65.4
43.6
s3.6

r.00.0
44.5
67 .3
90.0
26 .4
56 .4
J-2.7

41. B

96.4
2L.B
s1. B

25 .4
47 .3
63.6
_f

Human

Pheochromocytomad

aThese values \irere quoted from
brfr"=" values were quoted from
cThese val-ues were calculated
dTh"=. values were cal-culated

66 .4
40.0

r_60.0

t-17.3
33.6

r-39. r_

85.4
_f

39 .1
25 .4
29.7
54 .5

]-2.7
26 .4

22.7
29.L
27 .3

t

eThese figures incrude both free and amidated residues of
aspartic and glutamic acids.

frhi" value was not determined.

Christenson et al-. (f920).
Shirota and Fujisawa (1988).

from Dominici et al-. (1987).
f rom Ïchinose et al-. (f 985 ) "



arginine, isoleucine, leucine, phenylalaníne, and tyrosine and higher

amounts of glycine and serine. Since pheochromocytoma ís a neoplastic

ce11, mutations at non-essentiaL residues may account for the difference

in amino acid composition. However, this possibility has yet to be

explored.

The coenz)¡ne of DOPA decarboxylase is PLP and ít is present at

1 mol of PLP per mol of purified enz)Ere in the pig kídney (Christenson

et a7., 1970¡ Borrí voltattorni et a7., L979) and 0.5 mol of pi.p per mol

of purified enzyme in the rat liver (Dominici et aL., l-987).

-29-

The absorption spectrum of the asymmetrically enzlme-bound PLP is

characterized by 2 maxima at 420 nm and at 330-335 nm (Srinivasan and

Awapara, I978; Borri Voltattorni et a7., L979; Ando-Yamamoto et aJ.,

L987 i Dominici et al. , 1987) . I,Iith increasing pH, the ratio of the

intensity of these two peaks, 4335 lA¿+ZO (3.5-3.8 at pH 6.8) also

increases. when PLP v/as removed by hydroxylamine treatment, the

apoenzyme no longer exhíbited the absorption maximu¡r at 4ZO run but

showed a small shoulder at 330 rnn (Borri Voltattorni et a7., L971).

When fluorescence measurement was made on the holoenzyme, the emission

maximum was at 380 n¡l r,¡hen excited at 335 nm and a very weak emíssion

occured at 490 nm when the excitation wavelength was 420 nm (Borri

Voltattorni et a7., 1979).

(c) Active site - The amino acid sequence of the phosphopyridoxyl

peptide (coenzyme binding site) (Table 6; Morino and Nagashima, LgB4),

obtained after sodium borohydride (NaBHO) reduction of the holoDOPA

decarboxylase and subsequent chymotrypsin digestion, has been determined

(Bossa et aJ., L977). This sequence shows good homologies r,¡íth amino
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acid sequences of PLP-bínding sítes of various bacterial decarboxylases.

An interesting finding in this study is the occurrence of a histidine

residue ímmediately adjacent to the c,-amíno side of the

phosphopyridoxyl-lysine residue. rt has recently been shown that

chemical modification using the histidyl-selective reagent,

diethylpyrocarbonate, inhibited pig kidney decarboxylase (Dominicí

et a7., l-985). It was further determined that the modifi-cation of one

histídyl residue, probably the one adjacent to the phosphopyridoxyl-

lysine residue, can inactivate the enzyme. This residue also seems to

play an essential role in the catalytic process of decarboxylation.

other amino acid resídues at, or near, the active site of the pig kidney

DOPA decarboxylase includes an arginine residue (Tancini et aJ., l-985)

and a sulfhydryl resídue (Domínici et a7., L984), which are probably

involved in the substrate binding site of the enzyme (Borri Voltattorni

et a7,, l-987). The exact position of these residues has yet to be

determined as the enz)rme has not been sequenced thus far. only

recently, a limited tryptic prot.eolysis of pig kidney DOPA decarboxylase

has been performed and anaryzed (Tancini et aJ., 19gg). Tryptic

digestion, which inactivated the enzyme, yierded two fragments of M,'

38,000 and 14,000. The Plp-binding site was located in the rarge

fragment of which the NHr-terminal r,¡as blocked. The smaller fragment

ÌÀ7as determined to be from the COOH-terminus of DOPA decarboxylase. The

first 50 amino acid residues of this fragment has been sequenced. The

NHt-terminal of the rat liver enzyme is also blocked (Dominici et aL.,

1987).

- 31-



(d) Substrate specificity - Aromatíc L-amino acid decarboxylase has been

suggested to have a broad substrate specificity v¿hich included DOpA,

5-HTP, tryptophan, phenylalanine, p-tyrosíne, and histidíne (Lovenberg

et a7.,7962). In most tíssues, the rate of decarboxylation is in that

same order (christenson et a7., L970i Lancaster and sourkes , L97z;

Maneckjee and Baylin, 1983; rchinose et a7.,1985; shirota and Fujisawa,

1988). rn the guínea píg kidney (srinivasan and Awapara, l97B) and rat

liver (Awapara et a7., L962), however, the order of decarboxylation was

o-tyrosine > DOPA > m-tyrosine > S-HTP. The amino acid p-tyrosine was

not decarboxylated by the decarboxylase from the guinea pig and pig

kidney, and rat liver (Awapara et a7., L962i Lancaster and sourkes,

L972; srinivasan and Awapara, 1978). L-threo-dihydroxyphenylserine is a

substrate for the enz)rme purifíed from the human pheochromocytoma

(Ichinose et aJ.,1985) but not for the píg kidney enzyme (Lancaster and

sourkes , L972); the latter can arso decarboxyrate erythro-

dihydroxyphenylserine. rn the study of substrate specificity, using

AADC partially purified from the pig kídney and with tryprophan as rhe

substrate, Bosin and colleagues (I974) demonstrated that the "indole

nucleus of tryptophan is an absolute requirement for the activity of the

enzyme". However, this indole nucleus is not present in substrates like

-32-

DOPA, dihydroxyphenylserine, tyrosíne, and histidine.

parameters for DOPA and 5-HTP are presented in Table 4. rn general, the

Ç values for DOPA are 2-5 fold higher than that for 5-HTp and the v*r*

values for DOPA are consistently higher than that for 5-HTP. Aromatic

L-amino acid decarboxylase also requires PLP as coenzyme and additíon of

The kinetic



10-6 - ro-4 tt of PLp can increase the decarboxylase activity by z-3

fold.

It should also be noted that the kinetic measurements of DOPA and

5-HTP decarboxylatíon are complicated by many side reactíons ínclud.ing

the non-enzymatic decarboxylation of DOPA (Vogel et a7., 7970, I97Z;

Mackowiak et a7., l97Z) and the non-enz)rmatic reaction of DOPA and.s-HTp

with the f ree coenzJrme , PLP ( schott and clark , J-gsz; Tran , L97z;

Domínici et a7. , 1984 ) .

-33-

(e) Inhibitors - As has been discussed previously (refer to section

ÏI.8.1) ' aromatic L-amino acid decarboxylase is essential for the

synthesis of biogenic amines in both the peripheral and central nervous

system (cNS). The enzyme is not normally rate-1ímiting but its

inhibition can ínfluence the metabolísm of ora1ly or intravenously

administered subst.rates such as L-DOPA and L-S-HTP. DOPA decarboxylase

ís inhíbited by many carbonyl reagents such as cyanide, semi-carbazíde,

hydroxylamine, hydrazine, and some of theír derivatives (Sourkes, L1BT).

These carbonyl reagents have already found clinícal use as inhibitors of

peripheral DOPA decarboxylase in order to potentiate the central effect

of L-DOPA in the treatment of Parkinson's disease. Two of the most

important. pharmacological agents currently in use, are L-a-methyl-a-

hydrazino-3,4-díhydroxyphenylpropionic acíd (carbidopa; MK-4g6) and

N- ( D 
' 
L- s eryl -N' - (2 ,3 , 4 - trihydroxybenzyl ) -hydrazine hydrochlorid e ( Ro4 -

4602; benserazide) (sourkes , L977,.L979,L9g7). rn vÍvo, these compounds

showed marked selectivity for DOPA decarboxylase ín the peripheral

tissues over that of the CNS (Bartholini et a7., 1967).

inhibitors are administered in combination with L-DoPA in the treatment

These



of Parkínson's disease. Benserazide r,¡as discovered by Burkard and co-

r,¡orkers (L962, L964 ) r¡ho reported that the compound inhibited rat brain

and rat kidney decarboxylase activíty both in vivo and in vitro.

Carbidopa lras díscovered in the same year by Porter and colleagues

(1962). These investigators have shown that carbidopa inhibited DOPA

and 5-HTP decarboxylase activities both in vivo and in vitro. Usíng

AADC purified from the pig kidney, Borri Voltattorni and Minelli (L977)

reported that carbidopa differentially affected enz¡rme activity using

either DOPA or 5-HTP as substrates. I,Iaterhouse and co-investigators

(L979) reported that carbidopa aL 270 nì,f inhibited 802 of rat liver DOPA

decarboxylase activity. However, since these hydrazíne derivatives also

interact with other PlP-dependent enzymes, they are not specific for

DOPA decarboxylase.

Another pharmacological agent which pronrpted the synthesis of the

above compounds is o-methyl DOPA, a potent antihypertensive agent

characterized by Sourkes (1954). This ínhíbitor is a slow reversible

inhíbítor of DOPA decarboxylase and is itself a substrate for the enzyme

(Sourkes and Rodrigliez, ]-967). Its decarboxylation in the brain is also

shown to be a necessary condition for its hypotensive effect (Rubenson,

1971-). Tt¿o other analogues of DOPA, c-acetyleníc DOPA and a-viny1 DOpA,

were also demonstrated to have more pronounced inhibitory effects on

DOPA decarboxylase in peripheral tissues than in brain (Ribereau-Gayon

et a7., 1979). This r,¡ould make available more DOPA to be transported to

the brain for the synthesis of DA, the goar of L-DOPA therapy of

-34-

Parkinsonían patients.

complement the administration of L-DOPA, eventually lowering or

It was hoped that these compounds would



maintainíng the effective dosage of L-DOPA used and also reducing the

incidence of síde effects (Bianchine, lg76). However, the effect of

æacetylenic DOPA and o, -viny1 DOPA in elevating the brain levels of

catecholamines and 5-HT was of too short duration (Ribereau-Gayon

et a7., 1979).

c-methyr DoPA, viz. c,-monofluoromethyl DopA (Jung et aI., :-gTg) and

c-difluorornethyl DOPA (Parfreyman et aJ., r97Bi Ribereau-Gayon et aJ.,

1980), were synthesized and found to be potent enz)rme-activated

irreversible inhibitors of AADC. These so-called tsuicide inhibitors'
'Í¡rere f ound to be no better than carbidopa in increasing the

bioavailability of DOPA in the treatment of Parkinson's disease (Huebert

et aJ., 1983). Nonetheless, they were found to be useful tools ín

studying monoamine turnover (Patfreyman et a7., 1gS4) and as a

therapeutíc agent for hypertension (Fozard et a7., 1980). All of these

compounds probably act by virtue of their similarity in structure to the

substrate. As suggested by ShÍkimi and co-rporkers (l-978), the cathecol

structure is required for the inhibitory effects on decarboxylation and

modificatíon of the side chain changes the potency of inhibition of the

compound.

Many other inhibitors of DOPA decarboxylase including NSD 1015,

NSD l-034, NSD l-055 (brocresin), bfl( 785, decaborane, penícillamine, and

p-toluenesulfonylhydrazine have also been investigated (Ki1gal1on and

shepherd, L977; Giorgi and Rubio, 1981). Furthermore, Gey and Giorgi

(7974) have shown in a very diverse group of centrally active drugs

(thiosenicarbazide, aminooxyacetic acid, pentylenetetrazol, amphetamine)

that there is a tendency for drugs r¡hich lead to a reduction in DOPA

-35-

lwo additional compounds structurally similar to



decarboxylase actívity to increase motor activít,y or induce seizures,

r.¡hereas anesthetics or depressant drugs are associated r,¡ith the

enhancement of DOPA decarboxylase activity. Treatment with certain

organíc solvent.s also enhanced AÂDC activity towards p-tyrosine (Bowsher

and l{enry, 1983; Juorio and Yu, l-985) and phenylaranine (Juorío and yu,

1985). However, no increase in AADC activity was observed using DOPA,

m-tyrosine, or 5-HTP as substrat.es (Bowsher and Henry, i-g83; Juorio and

Yu, 1985).

-36-

The ínteraction of vitamin 86 v¡ith a number of drugs has been

reviev¡ed (Ebadi et aJ., L982; Bhagavan and Brin, 1983). Anti-pyridoxine

compounds such as aminooxyacetic acid (AOAA) , hydroxylamine,

hydralazine, and dihydralazine, have also been used to inhibit DOPA

decarboxylase. Aminooxyacetic acid at to-7 to ro-4 l,t did not cause any

change in the rat adrenal DOPA, decarboxylase activity (Giorgi and Rubio,

1981). At 10-3 M, this compound was shown to inhibit 4oz of s-HTp

decarboxylase activity whíle inhibíting 952 of DOPA decarboxylase

activity in the rat brain (sirns et a7., 1973). schales and schales

(1949) first reported the inhibition of kidney DOPA decarboxylase

activity by hydroxylamine; at 0.05 mM, there was soz inhibition in

30 min while at 0.1 trM, there r¡¡as 502 inhíbition in 50 min. Meanwhile,

the antihypertensive agents, hydralazíne (Apresoline) and dihydralazine

(Nepresol) have also been shown to inhibit DOPA decarboxylase (Perry

et a7. , 1955, !969; Schuler and Hyss, 1960 ) . An often prescribed

monoamine oxidase inhibitor for the treatment of phobic states, atypical

depressions, and posttraumatic stress disorders is phenelzine (Demers

et aL. , 1984 ) . This compound has also been shown to inhibit. the



activities of tyrosine aminotransferase and 5-HTP decarboxylase (Dyck

and Deruar, 1986).

Recently, Rahman and colleagues (1984) have reported

of an endogenous and as yet unidentífied ínhibitor of AADC

of monkeys. This inhibitor, which TÆas non-dialyzabLe, completely

inhibited enzyme activity with L-5-HTP as substrate while the activity

sras partially inhibited with L-DOPA as substrate; the inhibition vTas

also reversíble.

-37 -

Fína11y, DOPA decarboxyl-ase can also be ínhibíted by some cations.

Perry and colleagues (1969) reported that DOPA decarboxylase from guinea

pig kidney \^ras inhibited by cd.2+ and ugZ+ at 0.1 mM concentration, by
,J- NLCu'' and Zrt'' at 1 mM, and by various other cat.ions at l-0 mM

concentrations. DOPA decarboxylase from the pig kidney was also

strongly inhibited by 1 mM concentration of CuZ*, ngZ+ and znL*

(Christenson et aJ., LgTO).

C. Eo¡s l,Iany Decarboxvlaeee?

the

in

pre s enc e

the serum

Aromatic L-amino acid decarboxylase was first discovered by HoItz

and colleagues in l-938 and named DOPA decarboxylase since DOPA v¡as the

only amino acid decarboxylated by the enz)rme at an appreciable rate

(sourkes, r979,j-987). Later, clark, weissbach and udenfriend (1954)

reported the presence of 5-HTP decarboxylase in kidney and liver of many

animals. This enzyme which can decarboxylate 5-HTP and DOPA but not

tryptophan, phenylalanine, and tyrosine, seemed to be different from



DOPA decarboxylase due to differences in the ratío of the tv¡o enz)rne

activities in various preparations (Tab1e 7) and other propertíes (Clark

et a7. , 1954 ) . However, studies by Yu'ç,¡iler and associates (1960 )

discounted that notíon as inhibitors of DOPA decarboxylase also affected

5-HTP decarboxylase. The problem was reinvestigated by Lovenberg,

Weissbach, and Udenfriend (L962) who then proposed the name taromatic

L-amino acid decarboxylase' since the enz)rme can decarboxylate DOPA,

5-HTP, tryptophan, phenylalanine, p-tyrosine, and hisLidine. This

-JÕ-

nomenclature was adopted by the IUPAC Commission on Biochemical

Nomenclature in :..972 (Sourkes, 1977).

there is a single protein species or a group of very closely related

proteins such as isozymes is a moot point. This r,¡ill be addressed in

the following discussion.

In studying the dístribution of DOPA and 5-HTP decarboxylase

activities in cat brain, Kunztman and co-workers (l-961) reported that

the ratio of the two decarboxylase activities remain essentially

constant in various parts of the brain. This was interpreted to mean

the same enzyme protein was responsible for the decarboxylations of both

DOPA and 5-HTP.

Christenson and his colleagues (1970, L97Z) first succeeded in

purifying to homogeneity, AADC from the pig kidney and raising a goat

However, the question whether

antiserum against the purified enzyme.

ant.iserum with extracts from a number of tissues from various species

resulted in a proportionate loss of both DOPA and 5-HTP decarboxylase

activities (Christenson et a7., L972). Thus, they concluded that DOPA

and 5-HTP decarboxylase were indeed a "single enzyme" in all tissues

Immunotítrations of this



Relative Activities of DopÃ. and 5-HTp d.ecarboxyrase
in Various Preparation of Guinea pig Kidneys
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Homogenate

Partially purified s-HTp decarboxyÌase
l\cetone powder extract
Acetone powder extract (Heated 10 min at 55oC)
Inactivation at pH 5.2

Preparation

fable 7

avalues represent the ratio
over 5-HTP decarboxylase
(Clark et af", 1954).

Activity Ratioa

of DOPÀ

activity
decarboxylase activity
in guinea pig kidney

6.5
L"4
9.0

19.0
0.7
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braín, kidney, liver and pínea1 - as they were indisLinguishable

inrnunologically. However, about ten times more antibody per unit of

enz]rme activity was required for the complete inhibition of

decarboxylase activity in the rat braín compared to that of the pig

kidney. Antiserun prepared against purifíed bovine adrenal DOPA

decarboxylase (Goldstein et a7.,1973) and rat kidney AA-DC (Shirota and

Fujisawa,1988) were also demonstrated to inhibit DOPA and 5-HTp

decarboxylase activities equally.

studies in rat brain also suggested that the decarboxylases ín

catecholaminergic and serotonergíc neurons were identíca1 (Hokfelt,

1973a,b) .

distinct but very similar enz)rmes r,¡ith sirnilar antígenic regions or that

the antibodies s.re directed toward the comrnon coenz)¡me, PLP ( Sims

et a7,, L973; Shirota and Fujisawa, 1988). Recently, Ando-yamamoto

et al. (1986) demonstrated immunohistochemical and immunochemical cross-

reactivity of DOPA decarboxylase and histidine decarboxylase using

antibodies produced against these two enz)rmes. They suggested "the

presence of similar antigenic recognition sites inside the natíve

molecules of the tv¡o decarboxylases that are exposed when the enz)rmes

are denatured" . Furthermore, using immunohistochemical techniques Jaeger

et a7. (l-983) has recently shown that certain neurons of the rat CNS

contained AADC but not serotonin or tyrosíne hydroxylase, the enzJrne

However, there remains the possibility that there are

Additional ímmunohistochemical

responsJ-ble for the synthesis of DOPA.

intensities of AADC ímmunoreactive products were present in the

different group of monoaminergic neurons; serotonergic neurons exhibited

the most intense .A,ADC staining, folloi,¡ed by the dopaminergic cerls, and

In addition, variable



the adrenergic groups (Jaeger et a7. , 1984). rf, as suggested by the

authors, the staining intensity of immunoreactive product ís indicative

of the actual amounts of enz¡rme present in indívidual neurons, then the

AADC activíty ln serotonergic neurons r,¡ould be very high. This would

mean that the AADC actívíty tor¿ards DOPA v¡ould also be very high since

AADC has broad substrate specifícity and the rate of DopÀ

decarboxylation is several times hígher than that towards 5-HTP (refer

to previous diseussion on substrate specificity ot AADC: rr.B.4.d). rf

this were not to be the case, then the AADC in serotonergic neurons

would exhibit substrate specificity towards only 5-HTP. In view of the

contradictory reports, sourkes (rg7g ) stated that "one could just as

well postulate the existence of trrro homologous enzymes possessing

equivalent structure and conformatíon at the immunocompetent regions of

the peptíde chain".

supporting evidence for the "single enzyme" hypothesis has also

come from in vivo studies by tT¡ro groups of investigators. Dairman

et a7. (l-975) found similar relatíve decreases of DOPA decarboxylase and

5-HTP decarboxylase activities in the rat brain after intracisternal

injections of 6-hydroxydopamine, a drug whích selectively destroys

-4L-

catecholaminergic neurons.

relative 1os s in the tv¡o activities ín the spinal cord T¡rere similar

after íntracisternal adminístration of the serotonergic neurotoxin,

5,6-dihydroxytryptamine. After 6-hydroxydopamine. administration, Do

difference in the two enzyme activítíes were observed in the spinal cord

even though thís part of the CNS contains both catecholaminergic and

serotonergic neurons (McGeer et aJ., L987). In another study (Melamed

These investigators also found that the



et aL., l-980) in whích unilateral nígrostriatal lesions were produced in
the rat by 6-hydroxydopamine, an identical decrease in striatal DOPA

decarboxylase and 5-HTP decarboxylase actívities was observed,. This

suggested that the decarboxylase within striatal dopaminergic neurons

was nonspecific, using both DOPA and 5-HTP as substrates. In contrast,

electrolytic lesions in both median and dorsal raphe nuclei caused a

slight but not significant increase in 5-HTP decarboxylase activity

despite large reductions in 5-HT content - but no change in DOPA

decarboxylase activity in the striatum (Meramed et aJ., 1980). This

suggested that the decarboxylase in serotonergic neurons in rat striatum

was not specific for s-HfP. Moreover, it has been reported that braÍn

serotonergíc neurons can take up DOPA (Barrett and st. Balel, ]-gTL),

decarboxylate it to DA and - at least ín vitro - release DA ín a

stimulus-dependent fashion (Ng et a7., rgTz). These observations can

explain the proportíonate loss of both DOPA decarboxylase and 5-HTP

decarboxylase activities ín the rat CNS after administration of

neurotoxins, as seen by Dairman et al. (1975). The presence of DOPA

decarboxylase in serotonergic neurons may serve a modulatory role on

5-HT metabolism and the converse may also be true; however, thís has yet

to be investigated. The results obtained by Dairman et aL. (1975) and

Melamed et al. (1980), conflict wÍth the earlier observations of Sims

and Bloom (1'973) that intracisternal ínjectíon of 6-hydroxydopamine to

rats pretreated with pargyline caused a marked decreased in DOPA

decarboxylase in upper and lower brainstem regions while not affecting

-42-

5-HTP decarboxylase. The activity of 5-HTP decarboxylase increased

significantly ín hypothalamus, cerebellum, and lateral pons medu11a.



Furthermore, fo11owíng 6-hydroxydopamine treatment, there was a decrease

in the ratio of DOPA decarboxylase activity to 5-HTP d.ecarboxylase

activity in all regions except the occipital cortex (Sims and Bloom,

l-973). If DOPA and 5-HTP decarboxylatíons are catalyzed by. a síngle

protein, the ratio of the tv¡o activitíes should remain relat.ively

constant since both activities grere determíned usíng well-defined

optimål assay condítions on the same tíssue preparation.

By far the best evídence for the "single enzyme" hypothesis has

-43-

been reported recently by A1bert and colleagues (l_987).

investigators have purifíed AADC (DOPA decarboxylase) from bovíne

adrenal medulla to homogeneity, produced antibodies against it, and

isolated the cDNA clone complementary to bovine adrenal AADC mRNA. The

authors concluded that a single form of AADC is detected in the rat and

bovine tissue as the protein is índistinguíshable biochemically and

immunochemicarry in brain, liver, kidney, and adrenal medulla. By

in situ hybridization with the cDNA, a single 2.3 kilobase nRNA was

detected in the bovine adrenal, kidney, and river while in the rat

brain, líver, and pheochromocytoma, the nRNA was 2.2 kLlobase in length.

Southern blot analysís are also consistent r,¡ith the presence of a single

gene coding for AADC. Interestingly, the authors did not report whether

a single nRNA species was present in the bovine brain or the rat

adrenal. In addition, the .AADC message contains nearly S00 untranslated

bases r¿hich may yet ptay a role in defining the specifícíty of the

enzyme in different tissues. As mentioned earlier there may also be

ímmunochemical cross-reactivity between DOPA d.ecarboxylase and other

decarboxylases (Ando-Yamamoto et a7., 1996).

These



Evídence for the ndual enz¡rmes" hypothesis in different organs and

brain regíons has also been reported by a number of investigators. If

AADC v¡ere a single enz)rme, then in pyridoxine deficiency there should be

concurrent decreases in both DA and 5-Hf levels as AADC is a PLp-

dependent enzyme. However, earlier r,¡ork from this laboratory has found

a very significant. decrease in brain 5-HT levels of the pyridoxine-

deficíent growíng rat (Dakshinamurti et a7., 1976). In contrast, the

brain leve1s of norepinephrine and DA were not altered. similar

-44-

observations were obtained in neuronally mature adult rats

(Dakshinamurti et a7. , l_gg7) .

allylglycine (a convulsant) to mice also did not modify brain DA and

norepinephrine contents but did decrease 5-HT content (sawaya et a7.,

1978 ) .

The optimal conditions in terms of pH, temperature, substrate and

cosubstrate (PLP) concentrations and other propertíes have been reported

to be different for the decarboxylations of DOPA and 5-HTP, respectively

(Table 8) (sirns et a7., r973; sims, 1974). Differences in the kineric

characteristics (Ç and V*"*) and optimal conditions for DOPA and 5-HTP

decarboxylation have also been observed in the guinea pig serum (Rahman

et a7., 1981a), rat adrenals, liver, and pineal (Rahman et a7., l-g8l-b),

and human caudate nucleus (Rahman and Nagatsu, l-982). Differential

inhibitions of AADC by decarboxylase ínhibitors in the braín and liver

of cat have also been reported (Bouchard et aJ,, 1981). Bender and

Coulson (L972) have also observed in the rat liver that DOPA

decarboxylase activity was preferentially inactivated by sodium dodecyl

Intraperítoneal administration of
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sulfate treatment and 5-HTP decarboxylation by urea; the optimal pH's

for the two decarboxylation activities rr¡ere different as r,¡e11 . However,

they concluded that the enz1rme has a complex active sÍte, with separate

affinities for the two substrates, adjacent to a catalytic site. The

selective inhibition of brain AADC by sub-acute s-monofluoromethyl

p-tyrosÍne administration has also led to a decrease in braín

catecholamines but not of brain 5-HT (Jung et a7., l-984). As discussed

previously, carbidopa (Borri voltattorni and Mine1li, lg77) and

-46-

aminooxyacetic acid (Sirns et al,,

differentially inhíbit DOPA and 5-HTP decarboxylase activities.

Previous studies have indicated that DOPA decarboxylase is

predomínant fn the soluble fraction of kidney extract (Lovenberg et a7.,

L962) and the raL brain (sims et a1., 1973). rn contrast, there is a

substantíal proportion (50U or more) of 5-HTP decarboxylase that. ís

associated with membranes (Rodriguez de Lores Arnaiz and DeRobertis,

1964¡ sims et a7., L973). Gardner and Richards (1991) also reported

that 352 of DOPA decarboxylase r,ras associated wíth the synaptosomal

pool.

The relative distribution of DOPA decarboxylase and 5-HTP

decarboxylase has also been investigated in various peripheral tissues

and in various regions of the rat brain (sims et a7., L973; Rahman

et a7., 1981-b). These investigators reported that the activity ratio
(DOPA decarboxylase activity/5-HTP decarboxylase activity) varied from

one tissue to another and from one brain region to another, which do not

agree with the observations by Kunztman et al-. (1961) who reported a

constant ratio of the two decarboxylase activities in different brain

L973) were also shown to



regions of the cat. Furthermore, Saito and colleagues (1975) reported

that, in the índívidual hypothalamic nuclei, the distribution of DOPA

decarboxylase correlated directly v¡ith those of norepinephrine and

dopamine (Palkovits et a7., J-974), but ínversely with that of serotonin

(saavedra et a7., L974), thus suggesting that DOPA decarboxylase is

different from 5-HTP decarboxylase.

DOPA decarboxylase from the rat liver was also described as having

different structural propert.ies, surface charge and hydrophobicities,

and different antígenic determinants from that of the pig kidney

(Dominici et a7., 1987). Although the electrophoretic study of AADC

from bovine and mouse brain and from human and bovine liver has

determined that there is only one molecular specíes, the data from the

rat brain and rat liver shor,¡ed varíous degrees of polymerization

(coulson et a7., L9691 cavalli-sforza et a7., l.974). partially purífied

aromatíc L-amino acid decarboxylase from the rat brain, rat adrenal, and

bovine adrenal, have isoelectríc points of 5. 5, 5. 5, and 5.0 ,

respectively (Park et a7., l-986). These results tend to agree with the

observation that errz)¡mes from different tissues exhíbited heterogeneous

charge distribution.

Variations in the substrate specíficity of AADC has been discussed

previously. ft was earlier assumed that AADC was also responsible for

the synthesis of histamine via the decarboxylation of histidíne

(Lovenberg et a7., L962) until the identificarion of a specific

histidíne decarboxylase in different regions of the brain (Schwartz

et aJ., L970). Differences in the kinetic characteristics as well as

other properties of errzymes catalyzing the same reaction in different

-47 -



species or even different organs of the same species are known to exist.

This has been well illustrated by glutamic acid decarboxylase

IEC 4.1.1-.15; GAo], sulfinoalanine decarboxylase IEc 4 .r.L,29i arso

known as cysteinesulfinic acid decarboxylasel, and histidine

decarboxylase IEC 4.L.1.22], all of whích are plp-dependent enzymes

involved in the synthesis of 1-aminobutyric acid, taurine, and

hístamine, respectively. Díssimilarity in the properties of GAD from

brain, heart and kidney (Haber et al., L97o; wü, L977i Goodyer et a7.,

I98Z) have been shov¡n. While the brain GAD is inhíbited by aníons and

carbonyl-trapping agents (e.g. aminooxyacetate) and is stímulated by

PLP, the kidney and heart enz)¡mes are stimulated by anions and are

unaffected by the addition of PLP. There was also no cross-reactivity

immunochemically between the heart, kidney, and liver forms of GAD wíth

the brain GAD (wu et a7., 1978). Further, multiple forms of GA¡ have

been characterized in the pig and rat brain. Tn the píg brain, there

are three forms of GAD, each vrith the same molecular weight and subunit

structure but q¡ith dístinctly different kinetic constants and pI values

(spink et aJ.,1985). on the other hand, the rat brain has two forms of

GAD that díffer in their dependence on PLP, temperature sensitivity,

sensitivity to aminooxyacetíc acid pretreatment, and electrophoretíc

mobility (Denner and wu, 1gB5). Furthermore, these tr,¡o forms of rai_

brain GAD have been demonstrated to be tv¡o distinct homodímeric forms of

native GAD (Legay et a7., l-987). rt is also of interest to not.e that

these two forms of rat brain GAD copurified through a variety of

chromatographic columns and were not distinguishable immunochemically.

-48-



In the late seventies, there was a controversy as to r,¡hether GAD

was also responsible for the synthesis of taurine by the decarboxylation

of cysteic acid. The existence of a specific cysteic acid/cysteine-

sulfinic acid decarboxylase (CAD/CSAD) has now been confirmed. This

enz)rme copurifíed with GAD through various columns but could be

separated by a hydroxyapatite column (Wu, 1982). Both enz)rmes are also

immunologically dístinct. cysteic acid, cysteinesulfiníc acid, and

glutamíc acíd are all substrates for GAD but only the former two are

substrates for cAD/csAD with a different K* for each substrate.

Multíple forms of CSAD were also found in the rat liver (Weinstein and

Griffith, 1987).

-49-

Histidine decarboxylase from the rat braín and peripheral tissues

(rat stomach, rat whole fetus, rat líver, and rat gastric mucosa) have

certain properties such as optimal pH, molecular weíght and antigenic

properties in common, merely to díffer in their substrate and. coenz¡rme

binding affinities and isoelectric points (Palacios et al., L976; Savany

and cronenberger, 1"982a,b; Taguchi et a7., J-984; yamada et aJ., j-9g4).

Histidíne decarboxylase purified from mouse kidney also do not share the

properties of the enz)rme from other tissues (Martin and Bishop, l-996).

It ís evident from the above discussion that it is not always

possible to infer the characteristics of neuronal enzJrmes by

extrapolating results from the non-neuronal enz)rmes. The suggested

identity of DOPA and 5-HTP decarboxylases is based on evidence

extrapolated from studies on non-neuronal enz1rmes. One of the more

compelling reasons for investigating DOPA and 5-HTP decarboxylases is

the detection of immunochemical cross-reactivity between DOPA



decarboxylase and HDC (Ando-Yamamoto et al., 1gB6). The same may be

true for DOPA and 5-HTP decarboxylases. Likewisen the overlapping

substrate specificíties of cAD and cAD/csAD may also apply to DOPA

decarboxylase and 5-HTP decarboxylase, each r¿ith different affinities

for different substrates. The use of 5-HTP or DOPA ínterchangeably as

substrates for the determination of DOPA decarboxylase or 5-HTP

decarboxylase activities may well provide mísleading information. There

ís at present "no complete agreement on the singular character of

aromatic amino acid decarboxylases in mammalían tissues " (Sourkes,

1987). This question must be resolved by complete purification and

sequence analysis of the respective decarboxylase(s) involved, from

-50-

neuronal and non-neuronal tissues.

molecular forms of AADC with different substrate specificity should also

be considered.

D. PvrldoxLne defLcfencv

l-. Pyridoxine and the Nervous Svstem

Available informatíon on the role of pyridoxine in the development

and f unction of the nervous system has been revie,ç.¡ed ( Dakshinamurti ,

1982; Dakshinamurt.i et aL., 1985a, 19BB). Many of the effecrs of

pyrídoxine deficiency can be explained on the basis of specific

decreases in certain decarboxylases (glutanic acid, cysteinesulfinic

acid, ornithine, and 5-hydroxytryptophan) (Figure 6). orher effects

The possibility for multiple



TRANSMISSION OF
VISUAL INFORMATION

.at
TAURINE

1.1

È4
-Jt-

SEI ZURES

PYRIDOX¡NE
f

PYRIDOXÁL PHOSPHATE

BEHAV

RE

ro

THE
GU

R

\
GABA

1"2

TECHOLAMIN
(Dopomine)

3-Kotodihydrosphingosino
RY / PoLYA
ON
tin

""/ nrcur¡rróN or

Figr:re 6.

N EUROTRANSMISSION

MYELINATION <--T-------Þ NEU
t

FUNCTIONAL INTEG

Involvement
[ *1=Cysteinesulfinic
*2=glutamic acid decarboxylase, *3=5-hydroxy-
trlrptophan decarboxylase/ *4=ornithine decarboxy-
lasel (Dakshinamurti, 1982) .

Go no

PALP
ODULATION OF
ENE ACTIVATION
BY STEROIDS

¡sion

Prote

RON

of

RITY

¡ryæidoxine in CNS

acid decarboxylase,



like the impaírment of

endocrine abnormalítíe s

Experimental Pyrídoxine Deficiencv

Dakshinamurti and Stephens (1969) first reported the production of

congeníta1 pyrídoxine deficíency. It was later showed that a defíciency

of pyridoxine in rat pups could be produced by depriving the dam of

dietary pyridoxine during lactation (stephens et aJ., J-g7L). This

decreased the mortality of the pyridoxine-deficient. rat pups and

facilitated the study of the role of pyridoxine during development.

These studies have characterized pyridoxine deficiency in biochemical

and electrophysíological terms in young rat.s which have been subjected

to this stress during the critical period of CNS development. Rats fed

the pyridoxine deficient diet exhibited signifícantly lower leve1s of

PLP and 1-aminobutyric acíd (GABA) in various brain regíons. The

activities of whole brain GAD and CAD/CSAD were decreased r,¡hereas the

activity of GABA-transaminase (GABA-T) was not affected by pyridoxíne-

deficiency (Dakshinamurti et al., l-985). This was ascribed to a greater

affinity of GABA-T for PLP. In a study of the oxidative reactions,

there was no difference betv¡een mitochondria prepared. from brains of

pyridoxine-deficient and pyridoxine-supplemented neonates in terms of

oxygen consumption, ADP/oxygen, as v¡elI as the concentration of the

myelination seem to

induced by pyridoxine
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be more complex involving

deficiency.

respiratgry carriers (Bhuvaneswaran and Dakshínamurti, LgTz). The

electroencephalogram (EEG) of pyridoxine-deficient animals showed spike

activity' presumably indicative of seizures ín deficient animals, caused

by the decrease in GABA. Evoked potentials presented abnormalities in



their latency, wave form and response to repetitive stimulí and the

extent to which they were affected depended on the intensity of the

deficiency. The changes observed in the deficíent animals were the

result of retardation of normal ontogenetic development of the CNS of

these animals (Stephens et a7., l97l-).

The effects of pyridoxÍne deficiency in the neuronally mature

adult rat \^7ere also examined (Dakshinamurtí et aJ,, ]g87). The results

índicated that the induction of pyridoxíne-deficiency in the adult raL

does not produce the electrophysiological effects and defective

myelination that are seen when pyridoxine-deficiency was induced during

the CNS maturation períod. These deficient animals also show decreased

levels of GA-D activity in varíous brain regions, which resulted in
decreased GABA levels (Paulose and Dakshinamurti, 1984; Paulose et al.,
r-988 ) .
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3. Monoamine levels

The possible sites of regulatíon of the synthesis of various

monoamines are: availability of the precursor amino acid at the neuronal

site (wurtman et aJ. , 1980; Fernstrom, lgg3) , hydroxylation (Levitt

et aJ.,1965), and decarboxylation steps (Figure 7).

Aromatic L-amino acíd decarboxylase has long been implied to be a

single enz)¡me being responsible for the decarboxylations of the

precursors of monoamines in both . neuronal and non-neuronal tissues.

Since this enzJrme is PLP-dependent, one would expect a concurrent

decrease in the levels of both 5-HT and catecholamines in the brain of

pyridoxine-deficient rats. Regardless of the method used to deplete
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pyridoxine - díetary or usíng antimetabolites like 4-deoxypyridoxine or

penicillamine - a very significant decrease ín the brain 5-HT content

T/¡as seen in pyridoxine-deficient young rats with no change in brain

catecholamines (Dakshinamurti et al., r976; LeBlancq, LgTg). simirar

results were obtained in various brain regíons of the pyridoxine-

deficient young rats (Dakshinamurti et aJ., 1995b; paulose and

Dakshinamurti, l-985) and adult rats (Dakshinamurti et aJ., Lg87).

Sourkes (1972) also reported that there was no change in the steady

state concentration of epinephrine and norepinephrine in various tissues

in the pyridoxine-deficient rats. There was also no difference in the

excretion in urine of endogenous metabolites of DA between the

pyridoxine-deficient and pyridoxíne-supplemented rats. The possibility

that the decrease in brain 5-HT seen in pyridoxine-deficient rats vras a

result of inanition and the generalized malnutrítion was methodically

ruled out. Further metabolism of 5-HT by monoamine oxid.ase or the

transport of its metabolite, S-hydroxyindoleacetic acíd to cerebrospinal

fluid were also not altered in pyridoxine deficiency. In addition, the

levels of brain tryptophan or the activity of t,ryptophan hydroxylase

were unaffected by pyridoxine deficíency. The síte of difference

between the pyridoxine-deficient and control rats is the d.ecarboxylat,ion

step (Dakshinamurti et al., I976; Dakshinamurti, 1,gg}),
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4. Conseguences of Decreased Brain Serotonin

The physiological consequences of the decrease in 5-HT in the

pyridoxine-deficient rat brain have been reviewed (Dakshinamurti , L982;

Dakshinamurti et aJ. , 1985a, l-9BB ) .



The consistent decrease in deep body temperature seen in the

pyridoxine-deficient rats (Dakshinamurti et a7., :-'g76) may be related to
the deficit in brain 5-HT content. Myers (Lg7s) has presented evidence

to support a serotonergic mechanism in the hypothalamus as being

involved in thermoregulation in the rat. Pyridoxine deficiency also

affects sleep pattern ín rats (Dakshinamurti , 7982). The duration of

deep slow-wave sleep (SWS 2) and REM is shortened and in some ínstances

completely abolished. These anímals ate in shallow slor.¡-wave sleep

(SWS l-). These effects on sleep parallel that of experimental serotonin

deficiency ín animals and man, which corroborate the hypothesis by

Jouvet (r972) that serotonergic rreurons pray a major role in the

maintenance of slor,¡-r¡ave sleep 2 and REþl events.

The central regulation of thyroid hormone secretion by monoamine

neurotransmitters through the hypothalamic-pituitary pathway has been

-5 6-

reported by many different ínvestigators.

Dakshinamurti and associates (1985b, 1986) have studied the thyroid

function in pyridoxine-deficient rats. In pyridoxíne-deficíent rats,

hypothalarnic 5-HT was significantly decreased whereas the catecholamine

leveIs Ì{ere unaltered (Dakshinamurti et aL., l9S5b).

significantly reduced leve1s of serun triiodothyronine and thyroxine and

pituitary thyroid stimulating hormone (TSH) r^¡ere found. in the deficient

raL, the pituitary response to thyroid releasing hormone (TRH) was not

impaired. The results from these studies can be interpreted as

consistent vTith a hypothalamic type of hypothyroidisrn in the pyridoxine-

deficient rat caused by the specific decrease in 5-HT.

ïn view of this,

Although



The roles of 5-HT and GABA ín the central regulation of blood

pressure have been studied (DeJong et aJ., L975; persson, 19g0).

Hypothyroídisn is also known to cause hypertension (Saito et aJ., i-983).

Since both hypothyroídism and decreased 5-HT and GABA leve|s have been

observed in the pyridoxine-deficient rats, the sympathetic stimulation

and hypertension occurríng in pyridoxine deficíency was investigated

(Paulose et aL., 1988).

hypertension was assocíated with sympathetíc stimulation. Treatment of

pyridoxine-deficient rats with a single dose of pyridoxine vras shor¿n to

reverse the blood pressure to normal leveIs withín 24 hours, with

concomitant restorations of hypothalamic 5-HT, GABA, as weII as the

return of plasma epinephrine and norepinephrine to normal levels. The

decreased serotonergic and GABAergic central neurotransmission in the

pyridoxine-deficient rat, acting through stímulation of sympathetic

outflovr' has been suggested to cause the reversible hypertension seen in

this animal model.

The highest concentration of 5-HT in the body is in the pineal

gland (Quay and Halevy, 1962) where 5-HT ís urtímately converted to

melatonin, via the methylatíon of N-acetylserotonin (NAS). The rate-

limiting step in melatonin synthesis is believed to be the production of

NAS (Kleín and weIler, Lg73) but it is not always so. Decreases in
pineal 5-HT, 5-hydroxyindoleacetic acid, NAS, and melatonin were seen in
moderately pyridoxine-deficient adult rats (Viswanathan et a7., 1988).

It r¡¡as further determined that 5-HT availability could be an important

factor in the regulation of NAS and melatonin synthesis in the pineal.

-57 -

In pyridoxine-deficient adult rats,



Hence, the impairment of pineal functíon caused by pyridoxíne deficiency

may have pathophysíological consequences.

The above discussion delineates the importance of investigating

the enz)Ete or enz)¡mes responsible for the decarboxylatÍon of DOPA and

5-HTP in the brain. A better comprehension of the nature and properties

of the enzyme responsible for DOPA decarboxylation has pharmacological

significance as ít may lead to better intervention procedures in the

treatment of Parkinson's disease.

-58 -
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EFFECT OF PTRTDOXINE DEFICIENCY O}Í AROMATIC L-AF{TNO ACID DECARBOXfi,ASE

II{ ADTILT R.ê,T BRATI{

CHAPTER III

EXPERIMENTAL SECTION T (PART A)



Effect of pyridoxlne deflclency on Eromat{s L-sm{ro acfd decarboxylase

fn adult rat bral-n

A. ïntroductlon

Pyridoxal phosphate (p].p) is the major coenzymic form of

pyridoxine. The partícipation of PLP in the catabolism of many amino

acids has drar,¡n ma jor research interest throughout the years. The

decrease ín activíty of many of the PLP-dependent decarboxylases has

been the landmark on which many explanations of the clinical effects of

pyridoxine defíciency are based (Dakshinamurti, lggz). For example, the

involvement of glutamíc acid decarboxylase and y-aminobutyric acid in
the etiology of certain convulsive seizures have been recognized.

Aromatíc L-amíno acid decarboxylase is also a PLP-dependent

enzyme. ïn view of its lack of substrate specíficíty, it has been

generally accepted that it is involved in the formation of both the

catecholamines and serotonin (5-HT). Hence, in pyridoxine deficiency

parallel decreases in brain catecholamines and 5-HT levels would be

expected. However, a significant decrease ín brain s-HT with no

alteration in the level of brain dopamine (DA) and norepinephrine in the

pyridoxine-deficient young rats (Dakshinamurti et a7., :-g76) and adult

rats (Dakshinamurti et aJ., 1987) has been reported. It vras shor,¡n that

this decrease in 5-HT in the pyridoxíne-d.eficient rat brain could not be

ascribed to a decrease either in the brain tryptophan content or in the

activity of tryptophan hydroxylase. Further metabolism of 5-HT and the

transport of its metabolite, S-hydroxyindoleacetic acid to cerebrospinal

-60-



fluÍd were not altered in pyridoxine defícíency. I{e have now

ínvestigated the decarboxylation step using both DOPA and 5-HTp as

substrates in normal and pyridoxine-deficient adult rat brain.

- 6L-



B, ExperLmental

1. Materials

L-3,4-Dihydroxyphenyl¡:-14claIanine (sp. acr. 10.9 mci/nrmol) and

S-hydroxyIside chain-2-l4cltryptanine creatínine surfate (sp. act. 59

mCi/mmol) were purchased from Amersham Corporation (Oakville, ON). DL-

s-¡s-14c1-hydroxyrryprophan (sp. acr. 59.0 mci/n'rmoI) and Ir-14c ]-3,4-
dihydroxyphenylethylamíne hydrobromide (sp. act. 15.5 rnci/mmol) were

obtained from Ner,¡ England Nuclear corp. (Mississauga, oN). The

scintillant cocktails, Aquasol-2 and scintiverse Ir, .were from Ner,¡

England Nuclear corp. and Fisher scientific co. (Edmonton, AB)

respectively. Pargyline (N-benzyl-N-methylpropargylamine) hydrochloride

was from saber Laboratories, rnc. (Morton Grove, rL) . All other

chemícals and reagents vrere obtained either from Sigma Chemical Co. (St.

Louis, M0) or from Fisher Scientific Co. (Edmonton, AB).

-62-

2. Production of pyridoxine-deficiencv

weaned male sprague-Dawley rats (45-50g) were purchased. from

charles River canada ( st. constant , pQ) . They were divided into t\^¡o

groups ' one was fed a pyrídoxine-deficient diet (Dakshinamurti and

Stephens, L969) white the other was fed the same diet but supplemented

with pyrídoxíne (100 mg/kg díet). The composition of the diet is given

in Tables 9 and 10. Anímals were housed individually and. were provided

with diet and water ad libitum. They were killed by decapitation when

they were L6 v¡eeks old, at which time morphological symptoms of

pyridoxine deficiency were apparent. These include acrodynia whích is
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Percentage Composition

Vitamin free casein
Dextrose
Corn oil
Rogers & Harper sal_t mixture (ICN)
Vitamin mixture (without pyrid.oxine)a
Choline chloride

TABLE 9

of Pyridoxine Defièient Diet

asee TabIe
deficient

10 for composition
vitamin mixture.

30.00 I
59. 85

5.00
4.00
1.00
0.1s

100.00 I

of pyridoxine-



Composition of Pyridoxine

p-Aminobenzoic acid
Ascorbic acid
IJrotr_n
Calcium pantothenate
FoÌic acid
Inositol
Menadione
Niacin
Riboflavin
Thiamine HCI
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T.ABLE 10

Deficient. Vi-tamin Mixture

alpha-Tocopherol (250 t.V. /g)
Vitamin A (250,000 Unirs/g)
Vitamin BtZ (Triturate in 0.1_B Mannitol)
Vitamin D (500,000 Units/g)
Dextrose

30.00 g

99 .20
0.0s
6.60
0 "20

r-1.00
5.00
9.90
2.20

10.00
10.00

8.00
3.00
0.04

823.81

1-000.00 g



characterjzed by hyperkeratosis and loss of subcutaneous fat, lesions

on the snout, tail and eye areas, and also hair loss around the snout

(Singer, 1981; Dakshinamurti et aJ,, 1987). The brain !r&s quickly

removed and thé regions díssected according to Glowinski and Iversen

(1966). Tissues were nrozen inmediately on dry ice, stored at -70oc,

and analyzed for decarboxylase activitíes within two months. Activity

of tíssues frozen for varying periods of tÍme up to three months, were

comparable to the activity of fresh tissue.
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Tíssue homosenization

For the determinatíon of DOPA decarboxylase activity, tíssues were

homogenized in ice-co1d 80 rM sodium phosphate, pH 6.7, containing 1-0 nM

2-mercaptoethanol, with a Pott.er-Elvehjen type homogenizer. A similar

homogenate was prepared with 75 mM Tris-HCl, pH 8.3, containing 10 nìM

2-mercaptoethanol for the determinatíon of 5-HTP decarboxylase activity.

All honogenates were used immedíately.

4. Preparation of pyridoxal 5'-ohosnhate deoleted brain homoøenate

Adult male Sprague-Dawley rats (150-200 g) were killed by

decapitat.ion and their brain quickly removed, frozen on dry ice, and

stored at -70oC. tr{hol-e brain homogenates were prepared as described in

the previous section. Endogenous PLP was removed by hydroxylamine

treatment (Lípson et al., l-980). An aliquot of the homogenate for DOpA

decarboxylase assay was dialyzed at 4oC against sodíum phosphate buffer,

pH 6.7, containing 10 mM Z-mercaptoethanol and 5 mM hydroxylamine for 60

min, f o11o'rued by dialysis twice against the same buf f er but without



hydroxylamine for 30 min each. A different aliquot of the untreated

homogenate I^/as dialyzed twice against the same buf f er but without

hydroxylamine at 4oC for 6O min each. The treated and untreated

homogenates were then assayed for DOPA decarboxylase activity with and

v¡ithout the in vitro addition of pi.p.

decarboxylase assay were diaryzed similarly using Tris-HC1 buffer, pH

8.3 and assayed with and without the in vitro addition of pl.p.
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5. DOPA decarboxvlase assav

DOPA decarboxylase was assayed using the methods of Christenson

et aL. (1970) and Laduron and Belpaire (1968) with modifications. The

preincubation mediun contained, in a total volume of 0.g ml: g0 Fmoles

of sodium phosphate, pH 6.7; 0.125 )rmoles of p],p; and enzyme. The

amount of protein used was 0.8-1.1 rng for brainstem, cerebellum, corpus

striatum and hypothalamus, and I.5-2.0 mg for cerebral cortex and whole

brain. This was preincubated at 37oC for 5 min in a metabolic shaker,

Then 0.2 rnl of 5 mM L-DOPA, containíng 0.1 ¡rci of l,-¡s-14c1-DopA, was

added to initiate the enz)rme reaction. The blank r¿as the same except

that buffer or heat-denatured enz)rme r¡/as used in place of the enz)¡me.

The sampres were incubated at 37oc for 15-20 min. Thereafter, the

mixtures were immediately chilled on ice and excess sodium chloríde

(1 g) to saturate the medium was added. Then the mixture vras extracted

Homogenates for 5-HTP

three tímes , each with 2 mL of l--butanol. Radioactive DopA \¡ras

minimally extracted into butanol at pH 6.7 due to presence of a charged

c'-carboxyl group, which makes it more soluble in the aqueous fraction

than in non-aqueous (butanol) fraction. From the pooled butanol



extracts, a L.2 mL aliquot lras mixed r+ith Aquasol-Z or Scintiverse II

and counted ín a Beclr:man LS 3S0L Liquid Scíntillation System. All

samples were assayed in duplicate. By carrying out the extraction

proced,ure r¡¡ith Ir-14c]-3,4-dihydroxyphenylerhylamine (dopamine), the

recovery was found to be 73.7 + 7 .62 (mean * S.D. ; n=11) . DOPA

decarboxylase activity was expressed as pmoles of dopamine

f ormed/nin/mg protein. The limit of detect.ion r,vas 83 pmoles /min/mg

protein. Holoenzyme activity was determined by using buffer in place of

PLP in the preincubation medium. Since no significant difference in

enzyme activity was observed in the presence or absence of pargyline

during the l-5 min incubation period, no monoamine oxidase ínhibitor was

added to the incubation medium for thís assay ín further studies.
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6. 5-HTP decarboxvlase assav

5-HTP decarboxylase was assayed usíng the methods of Sims et al.

(I973) and Kuntzman et a7. (196L) with nodificatíons. The preincubation

medium contained, in a total volume of 0.8 nl: 75 pmoles of Tris-HCl,

pH 8'3; 0.3 ¡rmoles of PLP; 0.L l¡mole of pargyline hydrochloride; and

enzyme. The amount of protein used was 0.6-0.8 mg for brainstem,

cerebellum, corpus striatum and hypotharamus, and 1.3-j- .7 mg for

cerebral cortex and r,¡hole brain. Thisl¡ras preincubated at 37oC for

5 min ín a metabolic shaker. Then 0.2 ml of 3 mM DL-5-HTP containing

0.1 ¡rci of DL-[s-14c]-5-HTP, was added to initiate the enz)rme reaction.

The blank was the same except that buffer or heat-denatured enz¡rme was

used in place of the enz)rme. The samples were incubated at 37oC for

60 min. Thereafter, the mixtures were imrnediately chilled on íce and



excess sodium chloride (1 g) to saturate the medium was added, follor,red

by l tnl of saturated sodium carbonate, pH l-l-. This rÀras extracted twice,

each with 3 ml of l-butanol-. The butanol extract ín each case was

washed wíth 2 mI of sodium chloride-butanol saturated borate buffer

(0.5 M, pH 10) to remove S-HTP. From the pooled butanol extracts, a

1.2 mL aliquot was mixed with Aquasol-2 or Scintiverse II and counted ín

a Beck¡nan LS 3801- Liquid Scintillation System. All samples r^rere assayed

in duplicate. By carrying out the extraction procedure with S-hydroxy-

Iside chain-2-14C1-tryptamine (5-HT), the recovery r¡zas found to be

- 68-

83.8 + 5.42 (mean * S.D.; n=10).

expressed as pmoles of serotonin formed/min/rng proteín. The limit of

detection was 0.6 pmores/mín/ng protein. Holoenzyme activity lras

determined by using buffer in place of PLP in the preincubation med.iun.

7. Measurement of protein

Protein contents were determined using Bio-Rad ProLein Assay which

is based on the method of Bradford (1976) with bovíne serum albumin as a

reference standard.

5-HTP decarboxylase activity was



C. Reeulte

llhole brain rates of activity for

decarboxylase, respectively, were 774 +

protein (mean + S.E.M.; n=10).

Characterizatíon of DOPA decarboxvlase activitv

Under our assay conditíons, the optimal pH for the determination

of DOPA decarboxylase activity was found to be pH 6.7 (Figure B).

Maximal rate of decarboxylation of DOPA v¡as obtained with the addition

of 0.125 mM PLP (Figure 9). At concentrations higher than this, a

reduction ín DOPA decarboxylase activity was observed. This v¡as

probably due to the depletíon of the substrate, DOPA which has been

reported to react rion-enz)rmatically r.vith PLP to f orm a corresponding

tetrahydroisoquinolíne (Schott and CIark, L952), I,Ihen íncreasing leve1s

of PLP was incubated with DOPA along with the rest of the reactíon

mixture with the exception of the enz)rme, å linear decrease in the

amount of DOPA extracted into the butanol phase was observed. In the

extraction v¡ith butanol, it was found that r,¡hen no PLP was present ín

the reaction mixture 13.I2 of. DOPA was extracted and this r¡ras decreased

to 5.82 ín the presence of l- ûM PLP. Thus, the expected tetrahydro-

isoquinolíne condensation product (Schott and Clark, Lg52) seems to be

more soluble in the aqueous phase of the reaction mixture.
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DOPA decarboxylase and 5-HTP

77 and 56.5 + 5.9 pmol/nin/mg

Maximal rate of decarboxylation v¡as observed v¡ith l- mM DOPA. At

DOPA concentration greater than 2.5 mM, substrate inhibition was

observed DOPA decarboxylase activity was proportional to enzyme
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t.0
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Figure 8.

M

6.5

The activities of brain DOP.A. decarboxylaee
and 5-IITP decarboxylase at varying pH.
Sodium phosphate buffer was used. for assays
at pH 5.5-7.5 while Tris-HCl was used. for
assays at pH 7.5-9.5. Enzyme activities are
expressed as nmol,/min/mg protein.
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protein concentration up to 4.56 mg/ml and Í¿ras linear up to 60 min

incubation time. the Ç for both DOpA and plp are given in Tabre i.1.

2. CharacLeriz4tion of 5-HTP decarboxylase activitv

Optimal rate of decarboxylatíon of s-HTp to 5-HT r.ras at pH g. 3

(Figure 8) and at a PLP concentration of 0.3 trM (Figure l-0). At higher

PLP concentrations, a reduction in 5-HTP decarboxylase activity \{as

observed. The rate of decarboxylation was found to be optímal v¡ith

-72-

0.6 ûM S-HTP.

concent.ration. 5-HTP decarboxylase activity was proportional to enzyme

concentration up to 3.75 ng/ml and was línear up to 120 mín incubation

time. The Ç for both 5-HTP and PLP are gíven in Table 11.

Substrate inhibition was observed at higher 5-HTP

3. Regional distriÞqtíon of DOPA decarboxylase and 5-HTP decarboxvlase

The gross regional dístribution of DOPA and 5-HTP decarboxylase in

5 regions of the normal rat brain ís given in Table 12. In all regions,

DOPA decarboxylase activity was higher than 5-HTP decarboxylase

act.ivity. when the ratios of acLivities were compared, as much as

4-fold difference in the activity of DOPA decarboxylase relat.ive to that

of 5-HTP decarboxylase was observed.

4. Effect of pyridoxine deficiency

Under opt.imal conditions of substrate and PLP concentration, a

significant decrease in DOPA decarboxylase activity was observed in the

brainstem (p<0.001), cerebellum (p<0.025), cerebrar cortex (0.001-), and

corpus striatum (p<0.001) of the pyridoxine-deficient rats when compared
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Brain
regions

Regional distribution of DOpA decarboxylase and
5-HTP decarboxylase in the Rat Brain

Brainstem

Cerebell-um

-7 5-

TA.BLE 12

DOPA
decarboxylasea

Cerebral cortex

Corpus Striatum

Hlpothalamus

902+7 2

(s)

7 54+52
(6)

1596+160
(6)

347 4+343
(s)

3693+544
(s)

5-HTP
decarboxyJ-asea

avalues represent meanlS.E.M. of
performed in duplicate. Enzyme
pmol/min,/mg' protein .

lnatio = DOPA decarboxvlase activitv

82.6+8.0
, (s)

28.2+4.L
(6)

40.9+5.1
(6)

221.4+t7.8
(s)

100. B+7.2
(s)

cvalues are calculated from the two decarboxylation activities of
individual samples. Ratios having the same superscript sl.mbols
are not significantly different from each other while those
having different superscript symboJ-s are significantly different
from other values in the same column; p<0.05 Duncan,s muttiple
range test.

^t-^Ratioø r s¡ L

5-HTP decarboxylase activity

11.2+1.1
(s)

¿
30.0+5.2 |

Gr
+

40 .2+3 .9

Gr
16 .5+2 .6

(s)
+

37 .3+6.6',

ttl
(n) separate

activities
experiments, each
are expressed in



with the pyridoxine-supplemented rats (Tab1e 13). Sinrilar results r,¡ere

observed when DOPA decarboxylase vras assayed v¡ithout the in vitro

addition of PLP. Even if the maximal enz)rme activity between the

pyridoxine-deficient and pyridoxíne-supplemented rat hypothalarni were

dífferent, these results does not alter the general ínterpretation of

the data as other braín regions such as brainstem, cerebellum, cerebral

cortex, and corpus striatum do have significant differences in enz¡rme

activity between the pyrídoxine-deficient and pyridoxine-supplemented

groups. However, the significant fact is that of the various tissues,

only in the cerebellum was there a statistically sígnificant decrease in

the percent saturation of enz)rme with PLP. No significant difference in

percent saturation was observed in the cerebral cortex, corpus stríaturn

and hypothalamus betr¡reen the tvro groups (Table 13). The differences in

the maximal and holoenzyme activities can be attributed to the regional

difference in PLP levels in the brain as it has been reported earlier

that PLP levels was decreased by 7OZ in the braínstem and 532 in the

cerebellum of the pyridoxine-deficient rats (singer, 1981). rt should

be noted that even when the activity of t.he enzyme decarboxylating DOPA

is decreased in the deficient rat to about 29.52 of the pyrídoxine-

supplemented rat, ít does not result in a decrease in the dopamine

content in different brain regions of the deficient rat. This is due to

the high DOPA decarboxylase activity in the brain.

-7 6-

llhen the 5-HTP decarboxylase was assayed under optimal substrate

and PLP concentration, a significant decrease in activíty r,{as observed

in the brainstem (p<0.005), cerebellum (p<0.005), cerebral cortex

(p<0.025), corpus striatum (p<0.005) and the hypothalamus (p<0.001) of
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-7 8-

lhe pyridoxine-defícient rats as compared

rats (Table i-4). A significant decrease

percent saturation of enzyme with PLP was

regions studied ín the deficient animals.

The percent reductions of maxímaI and holoenzyme activities of

both DOPA and 5-HTP decarboxylase ín various brain regíons of the

pyridoxine-deficient rats as compared to that of the supplemented group

are given in Tab1e 15. The extent of the decreases vrere signíficantly

different for the tr¡o decarboxylases. This cannot be ascribed to

changes in the amino acid substrate as the enzymes were assayed under

optimal amino acid substrate concentration. Furthermore, the decrease

in PLP levels seen in various regions of the pyridoxine-deficient rat.s

(Sínger, 1981) cannot account for the non-identical changes ín the

holoenzyme activities of both DOPA decarboxylase and 5-HTP decarboxylase

(Table 15).

to the pyridoxine-supplemented

in the hoJ-oenzyme species and

also observed in all the brain

5. Affinity of DOPA and 5-HTP decarboxylases for PLP

It has been reported that the dialysis of human serum r,¡ith buffer

containing hydroxylamine resulted in a fal1 in PLP content to less than

1 ng/m1 (Lipson et a7., l-980). This method has been adapted for use

with brain homogenates in this study. When the homogenate was dialyzed

against buffer containing hydroxylamine, a decrease in DOPA

decarboxylase activity was observed (Table 1-6). In contrast, a total

loss in 5-HTP decarboxylase activity was observed in homogenates treated

the same vray. With the jn vitro addition of optimal PLP concentration,
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Conditions

Effect of Diaj-ysis

DOPA decarboxylase and

-81 -

TA3LE 16

UndiaJ-yzed whol-e

brain homogenate

PLP added

(nM)

Homogenate dialyzed
against. buffer

on Whole BraÍn

5-HTP decarboxylase

0

25

50

t25
300

0

1tr

50

r25
300

0

25

s0

t25
r.5 0

300

decarboxylase

(Percent activity)a

DOPA

Homogenate dialyzed
against buffer
containing
hydroxylamine

26

89
o,)

'o:u

31

101

92

93

5-HTP

decarboxylase

(Percent activity)a

avalues represent the average of
error of less than 58.

h."pr"u.nts an activity of 7024

cRepresents an activity of 39.2

:

64

100c

:

45

r_03

0

;
74

69

26

27

36

u:

3 separate experiments with a standard

pmol/min/mg

pmol/min/ng

protein.

protein.



652 of DOPA decarboxylase activity and 692 of 5-HTP decarboxylase

act.ivíty, respectively, were present in the dialyzed homogenates.

Lrrhen braín homogenate was dialyzed against the buf f er wíthout

hydroxylamine, there was no change in DOPA decarboxylase activity
(Table l-6). In contrast, there was a total loss of 5-HTP decarboxylase

activity. Fo1Iowíng in vitro addition of PLP, enz)rme activities were

restored.

-82-



D. Dfecusefon

Pyridoxal phosphate is the coenz)rme of the d.ecarboxylases involved.

in the formation of varíous monoamine neurotransmitters. The enzJ¡me

involved in the decarboxylation of DOPA to DA and. 5-HTp to 5-HT has been

referred to as aromatic L-amino acid decarboxylase (Lovenberg et aJ.,

L962). In examíning the decarboxylations of DOPA and 5-HTp ín normal

brain homogenates, ít \¡¡as found that the pH optima for these two

reactíons were different. Differences in the regional d.istribution of

DOPA decarboxylase and 5-HTP decarboxylase activíties in various tissues

including the braín have been reported (sims et aJ., L973i Rahman

et aJ., 1981a,b; Rahman and Nagatsu, Lggz). The ratios of DOPA

decarboxylase/5-HTP decarboxylase activities under optiural substrate and

cofactor concentrations were found to vary from 11 .2 in the brainstem to

40.2 in the cerebrar cortex in the normal rat (Table 12). The

differences in the activity of AADC toward DOPA and 5-HTp, respectively,

could be due to differences in the pH and nature of the buffer used. to

extract the enz)rme from the tissue as well as the pH optima of the

decarboxylation reaction itself. If so, the ratio of the activities
(DOPA decarboxylase/5-HTP decarboxylase) should be the sarne in all the

tissues studied as the conditions for extraction and assay of enzyme

activities were identÍcal for all the regions studied. yet, these

ratios varied consíderably from one brain region to another indicating
the presence of different amounts of decarboxylating activities specific
for each substrate.

-83-



Although there !¡ere sígnificant dífferences in the maximal and

holodecarboxylase actívities towards DOPA ín some of the brain regions

studied - brainstem, cerebellum, cerebral cortex and corpus striatum

the actual contents of DA determined in all the brain regions studied in

the deficíent rat were not different from those seen in similar regions

of normal rat brain (Dakshinarnurti et a7., L9g7). Tt is evident that

the hígher decarboxylation activity tor,¡ards DOPA can maintain the Ieve1s

of DA even though the enzyme protein levels were decreased by pyridoxine

-84-

deficÍency.

decarboxylase also have different properties compared to that. of other

regions. Firstly, the braínstem DOPA decarboxylase has a lower affinity

for PLP since no holoenzyme activity rlras detected in both the

pyridoxine-defícient and pyridoxine-supplemented rats. Preliminary

evidence also indicates that DOPA decarboxylase from the brainstem also

exhibited different kinetic characteristics from that of the corpus

striatum IBrainstem: K* for DOPA 75L FM, v*"* z.L5 nmol/nrin/mg

protein; Corpus striatum: Ç for DOPA = 366 FM, V*"* : 3.00 nrnol/min/

mg proteinl.

The decreases in both the maximal and holo 5-HTP decarboxylase are

reflected in the significant decreases in the 5-HT content of various

brain regions in the pyridoxine-deficient rat (Dakshinamurti et aJ.,

1987). We have also reported that the sensitívity of serotonin S, and

S, receptors are increased in membrane preparations from various regions

of the pyridoxine-deficient rat brain (Paulose and Dakshinamurti, L9B5).

The physíological consequences of the decrease in 5-HT in the deficient

rat brain has also been discussed (Dakshinamurti, Lg82; Dakshinamurti

It is interesting to note that the brainstem DOPA



et a7.,1985a,b; see also chapter rr.D.4). rt is conceivable that the

decrease ín enzyme leve1s (maxíma1 enzyme activity) reflects a red.uced

synthesis of the enzyme caused by pyridoxine deficiency, which has been

reported to decrease the synthesis of ribosomal and messenger RNA

(Montjar et a7., 1965). Pyridoxine deficiency did cause a decrease in

both DOPA and 5-HTP decarboxylase activíties. However, it should be

noted that pyrídoxine deficiency did not cause an ídentícal decrease in

maxímaI AADC activity towards DOPA and 5-HTP ín the brain regions

studied (Table J-5). The results presented suggest the independent

regulation of the tr.¡o decarboxylation actívities.

The affinity of PLP for the different apodecarboxylases could

vary. rn the pyridoxine-deficient animal, the activity of the

decarboxylase with the more tightly bound coenz)rme would be higher than

those r"¡ith lower affinity between the apoenzyme and the coenz)rme. This

is supported by the observation in this study that DOpA decarboxylase

activity is consistently hígher than 5-HTP decarboxylase activity in the

rat brain. DOPA decarboxylase also has a lower Ç for PLP in comparison

to 5-HTP decarboxylase, índícating a higher affinity for the coenz1rme.

Additíona1Iy, in this sLudy, diarysis of brain homogenate against

buffer, in the presence or absence of hydroxylamine, resulted in a total

or near total loss of 5-HTP decarboxylase activity as compared to that

of DOPA decarboxylase. Hence, plp seems to be more tightly bound to

DOPA decarboxylase than to 5-HTP decarboxylase. Rahman and co-rqorkers

(1982) have studied the acute effects of PLP deficiency, produced by

intraperit.oneal injection of semicarbazid.e, on AADC activity v¡ith DOPA

and 5-HTP as substrates. AADC activíties tor"¡ard both substrates !r'ere
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decreased. However, after ín vitro addítion of pI,p, the recovery

patterns of the enzyme activities toward DOPA and 5-HTP were not

paraIle1, suggesting the possibility of the presence of two different

AADC r,¡ith different affínities for DOPA and 5-HTP. Differences in the

kínetic characterisLics or other properties of enz]¡mes catalyzing the

same reaction in different species or even Ín different organs of the

same species are known to exist.

decarboxylase is present in both neural and norr-neural tissues. In

contrast to the brain enz)rme which is inhibited by anions and carbonyl-

trapping agents (Chase and Walters, L976) and stimulated by plp, the

non-neural glutamic acid decarboxylase requires high concentration of

anions for maximal activity, ís activated by carbonyl-trapping agents

and is unaffected by added PLP (Haber et a7., l97e; see also chapter

II.C). Furt.hermore, tyrosíne hydroxylase from bovine caudate nucleus

has been reported to have a similar molecular weíght but different

kinetic properties compared with the enz).me from the bovine adrenal

-8 6-

medulla (Oka et a7., I98Z).

For example, glutamic acíd

tyrosine hydroxylase and tryptophan hydroxylase, which go far beyond

their substrate requirements, have also been described (Lovenberg and

Victor, I974; Kuhn and Lovenberg, 1983). It is possible that such

similarities may exist for the decarboxylating activíties of AADC for

the substrates DOPA and 5-HTP. using electrophoretic analysis, the

decarboxylase from rat brain has been shov¡n to exíst in various

polymeric forms (Cavalli-Sfoza et al,, i-974). It is possíb1e that

different polymeric forms of AADC have different enzyme properties.

The biochemical similarities beLween
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Confirmation of the above notíon awaits

brain.

The data

deficiency ís not

as substrates.

pre s ent ed

identical

suggest that

on the activity

the ísolation

the effect

of AADC using

of AADC from the

of pyridoxine

DOPA and 5-HTP
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CEAPTER IIT

EXPER$ffiÍTAT SECTIO¡{ T (PART B)

EFFECT OF NETIROTOXINS. DECARBONYI,ASE INEIBITORS 
"

AT{D .å¡{TTPTT.TDOXIT{E COMPOI]¡rDS OTq

.AROMATIC L-AMINO ACID DECARBOXYI.ASE



Effect of the neurotoxina (1-raethyl-4-phenyl-Lu2,3,6-t,etrahydropyrldlne

and 1-methyi.-4-phenylpyridtnir¡n) u decarboxylase lnhibJ.tors u

and antipyrldoxlne ssmFounds, on arornatLc L-nsr{no acld decarbox-ylase

in rat brafn.

Â. IntroductÍon

The appearance of the compound 1-methyl-4-phenyl-L,2,3,6-tetra-

hydropyrídine (MPTP) as a contaminant of a synthetic meperidine analog

in Northern californía has left in its wake a group of young drug

addícts suffering from a severe and írreversible form of Parkinson's

disease (Davis et a7., L9791 Langston et aJ., 19g3; Ballard et al.,

l-985). These patients have exhibited alt the features of idiopathic

parkinsonism and respond to standard medícal therapy. Since then, the

neurotoxic effects of MPTP have been widely studied in monkeys (Burns

et al., 1983; Jenner et a7., 1984; Langston et aJ., l_9g4a,b,ci Chiueh

et a7., I984a; Irwín and Langston, 1985; Cohen et aJ., lgg5), several

rodent species (steranka et aL,, 1983; chiueh et a7., 19g4a; wallace

et aJ., 1984; Heikkila et a7,, 1984a), and also the cat (schneid^er

et aJ.,1986). In addítion to the reported effects on the dopaminergic

nigrost.riatal system, MPTP treatment has been reported. to affect some

non-nigrostríata1 catecholamine systems in the mouse (Gupta et aJ.,

l-984; Hallman et a7., 1985) and the monkey (Burns et aJ., l-9g3; chiueh

et a7.,1985). Since this was the first major breakthrough in research

on Parkinsonism, much attention has been focused on elucidating the

mechanism of action of MPTP causing cell death. ft has been shown that
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MPTP is oxidized in vitro (Chiba et a7., L984; Johannessen et a7.,

1985b) and in vivo (Heikkila et a7., l-984b; Langston et aJ., 1984c;

Markey et aJ., 19S4) to 3--methyj.-4-phenylpyridinium ion (Mpp+) by

monoamine oxidase B (MAO-B), through the formation of the Íntermediate,

1-methyl-4-phenyl-2,3-dihydropyrid.iníum catíon (MpDp+) (Chiba et a7.,

1935) (Figure 11). The conversion of MPTP to I,IPP+ can be blocked by the

MAO-B ínhibitors, deprenyl, nialamide, pargyline, tranylcypromine (Chiba

et af., 1984; Heikkila et a7., 1984b,1985b; Langston et a7., Lg84c;

Markey et a7. , l-984 ; Cohen et aJ. , l-985; Fuller and Steranka, J-985;

Irwin and Langston, 1985; Nakamura and Vincent, l-986), W 240928 (Fuller

and Hemrick-Luecke, 1985b), AGN-1133, AcN-l_135 (Heikkila et a7.,1985a),

and MDL 72]-45 (Kindt and Heikkila, l-986). The íntraneuronal location

for the conversion of MPTP to MPP* is stíll controversíal. Serotonergic

neuron has been suggested as the site for this conversion (Nakamura and

Vincent, l-986) but another study excluded that possibilíty (Melamed

et al.,1986), MPP+ is recognized by the dopamine (DA) uptake system

and can thereby gain selective access to DA terminals (Javitch and

Snyder, l-985). Several laboratories have then shown that blockade of

this DA uptake system in vÍvo, with a variety of uptake inhibitors,

provides protection from the toxic effects of MPTP in the mouse (Javitch

et al. , 1985; Melamed et al. , 1985; Pileblad and Car1sson, 1985;

Ricaurte et a7,, l-985; Sundstrom and Jonsson, 1985). Once Ínside the

neuron, the exact mechanísm by which MPP* exerts its neurotoxic effects

is still unknown. Reports have shor,¡n that MPP* is actively taken up by

liver mitochondria (Ramsey et a7., l-986), induces oxidative stress

(Johannessen et aJ., 1986), causes inhibition of NADH-linked substrate
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MPTP MPDP+ MPP+
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Figure Ll. The metabolic fat,e of Ì.fpTp ( 1-nethyl-4-
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oxidation in brain mítochondria (Nicklas et a7,, L985), and rapidly

depletes ATP in hepatocytes (DiMonte et a7., 1986). Studies also

indicate that MPTP reduces DA concentration in rat brain (Chiueh et a7.,

1984a; Enz et a7., l-984). In contrast, following in r¡ir¡o administration

of MPTP, brain serotonín (5-HT) level was either increased (Chiueh

et a7.,1984a,b; Hallman et a7., l-985; Enz et a7.,1984; Tadano et a7.,

1987) or unchanged (Hallman et aJ., 1984; Heikkila et a7., L984a;

Wallace et a7., 1984; Jarvis and ì^Iagner, 1985). However, the eff ect of

l-'lPTP on the enzyme catalyzing the f ormation of DA and s-HT, aromatic

L-amino acid decarboxylase (AADC, EC 4.1.1.28), has not been reported.

Many therapeutic agents also interfere wíth the normal function of

vítamin 86 both in man and laboratory animals (Ebadi et a7., ISBZ;

Bhagavan and Brin, 1983; See also Chapter II.B.4.e: Inhibitors). For

example, hydralazine (Perry et a7., 1955,1969; Schuler and Wyss, l_960),

isonicotinic acid hydrazide (Killanr and Bain, 1957; Wood and Abrahams,

1971), penicillamine (Giorgi and Rubio, 1981), and semicarbazides

(Kil1am and Bain, J-957; I^iood and Abrahams , 1977; Sawaya et a7., 1978)

have been reported to prevent the formation of PLP or to inhibit PLP-

dependent enz¡¡mes like DOPA decarboxylase and glutamate decarboxylase.

As have been previously described (Chapter II.B.4.e: Inhibitors),

decarboxylase inhibitors like a-methyl DOPA and the many hydrazides have

been used to study the inhibition of AADC using either DOPA or 5-HTP as

substrate. Report.s of studies using both substrates have been limited

to the use of carbidopa (Porter et al., 1962; Borri Voltattorni and

Minelli,1977) and aminooxyacetic acid (AOAA) (Sims et a7.,1973).

-92-



The present study was undertaken to determine the in vitro effect

of MPTP and its metabolite, MPP+, on AADC using both 3,4-dihydroxy-

phenylalanine (DOPA) and 5-hydroxytryptophan (5-HTP) as substrates. We

have also reexamined the in vitro effect of certain decarboxylase

ínhibítors and antipyridoxine metaboLites on AADC using the trso

mentioned substrates.
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B. Experfmental

l-. Materials

L-3,4-Dihydroxyphenyt¡S-14Clalaníne (sp. act. 10.9 rnCi/mmol) were

purchased from Amersham Corporation (oakvilte, ON). DL-5-[:-14C]-

hydroxytryptophan ( sp. act.

phenylethylamine hydrochloride (sp. act. 50.2 mCi/mmol), and If-14C]-

tyramine hydrochloride (sp. act. 55.3 mCi/mmol) were obtained from New

England Nuclear Corp. (Mississauga, ON). MPTP hydrochloríde and MPP*

\¡rere f rom Research Biochemicals Inc. (Hayland, MA) . Pargyline (N-

-94-

benzyl -N-me thylpropargylamine )

Laboratories, Inc. (Morton Grove, IL) whíIe NSD l-034 (N- ( 3-hydroxy-

benzyl)-N-methylhydrazíne dihydrogen phosphate) and NSD 1055 (4-bromo-

3-hydroxybenzyloxyamine dihydrogen phosphate; brocresin) were from Smith

59.0 mCi/rnmo1), g-[ethyl-r-14C]-

and Nephew (Essex, U.K. ).

hydralazine hydro-chloride (Apresoline), isonicotinic acid hydrazide,

NSD 10i-5 (m-hydroxybenzylhydrazine), penicillamine, phenelzine sulfate,

semi-carbazide, and thiosemicarbazíde were purchased from Sigma Chemical

Co. (St. Louis, M0). Benserazide (Ro4-4602) was a gift from Hoffman-La

Roche fnc. (Nut1ey, N.J.) while D,L-o-difluoromethyl DOPA (DFMD, MDL

71.801) and D,L-o,-monofluoromethyl DOPA (MFMD, MDL 7I.963) r,rere gifts

of Merell International (Strasbourg, France). Deprenyl was a kind gift

from Professor J. Kno11, Department of Pharmacology, Semmelweis

University of Medicine, Budapest, Hungary. All other chemicals were of

reagent grade.

hydrochloride

c-Methyl DOPA, aminooxyacetic acid (A0AA)

vra s from Saber



2. Tissue and samole nrenaration

Sprague-Dawley rats (150-200 g) r,{ere killed by decapitation, and

their brains rnrere rapidly removed, frozen on dry ice, and stored at

-70oC. In assays using corpus striatun and hypothalamus, these brain

regions were dissected according to Glor.¡inski and Iversen (1966) prior

to freezing and storage at -70oC. Tissue homogenates for decarboxylase

assays were prepared as described ín Chapter ITI Sectíon I (Part A).8.3.

Crude braín mit.ochondria was prepared using the methods of FowIer

and Tipton ( 1981) and Crane and Greenv¡ood ( 1987 ) r,¡ith modif ications .

Whole brain was homogenized ín ten volumes of 0.32 M sucrose, 10 ûM

potassium phosphate, pH 7.2, using a Potter-Elvehjem homogenízer. The

homogenates vrere centrifuged at 600 g for l-0 min to remove unbroken

ce11s, nuclei, and cell debris. The supernatant was carefully decanted

and centrifuged at 15,000 g f,or l-5 min. The mitochondrial pellet was

resuspended in sucrose-phosphate buffer to a protein concentration of

5 mg/ml and stored. frozen at -20oC until use.
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3. Enz¡¡me assavs

DOPA decarboxylase and 5-HTP decarboxylase activities were assayed

in rshole brain homogenates as described previously in Chapter III

Section I (Part A) 8.5 and B.6, respectively, except that pargyline was

excluded in the 5-HTP decarboxylase assay.

Monoamine oxidase (MAO) activity was assayed radiochemically by a

modificatíon of the rnethod of Fowler and Tipton (1981). A mixLure

containing 200 ¡tL 0.1- M potassium phosphate buffer, pH 7.2, 100 pI of

mitochondrial preparation and 50 pl of water, MPTP, MPP+, or pargyline,



rras allov¡ed to equilibrate with continuous shaking at 37oC for 30 rnin.

Fifty microliters of tyramine (containing 0. OZ ltCL If-14C]-tyramíne) was

then added and a further incubation period of 30 min was carried out.

The reaction was stopped by the addition of 100 ¡r1 of 2 M citric acid.

Blank values were obtained by the addition of citric acid prior to

addition of substrate. Five ml of OCS (Organic Counting Scintillant,

Amersham) was then added to each mixture. This was vortexed and

centrifuged and tubes were placed ín a freezer for at least 3 hours to

aIlow the aqueous layer to freeze. The organic layer was then poured

out into a scintíllation vial and the radioactívity was determined in a

Beckman LS 2800 Liquid Scíntillation System.
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The B-form of MAO r¡ras assayed radiochemically by a modification of

the method of Fuller and co-workers (l-970, 1983). A mixture containing

200 ltl- 0.25 M sodium phosphate buff er, pH 7.4, 25 1tL of mítochondrial

preparation and 50 pl of water, MPTP, MPP+, or deprenyl, was

preincubated at 37oC for 5-l-0 nrin prior to addition of 25 pL of L2.5 uM

phenylethylamine (containing 5 nCi of g-[ethyl-t-l4C]-phenylethylamine).

After l-0 mín incubation at 37oC, the reaction r{as stopped by the

addition of 0.2 ml of 2 M HCl. Heat-denatured mitochondrial preparation

'vras used as blanks. The deamínated products vrere extracted into 6 rnl

toluene:ethyl acetate (1:1, v/v) containing A.62 (w/v) of PPO (2,5-

diphenyloxazole). The radioactívity of the organic layer v¡as determined

in a Beckman LS 2800 Liquid Scíntillation System.



4. Measurement of nrotein

Protein concentration was measured using the Bio-Rad Protein Assay

r¡hich is based on the method of Bradford (I976), r¡ith bovine serum

albumin as a reference standard.
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C" Results

l-. Ef f ect of the neurotoxins . l"fPTP and I'ÍPP*

The in vitro effects of MPTP and MPP* on the activíties of DOPA

decarboxylase and 5-HTP decarboxylase in rat brain are shown in

Table 17. In the presence of 5 or l-0 FM MPTP or MPP*, the activíty of

5-HTP decarboxylase increased by about 7l-I072. In contrast, the

activity of the DOPA decarboxylase was relatively unchanged.

-98-

addítion, deprenyl at 0.1 FM and 0.5 FM did not alter the enhancement of

5-HTP decarboxylase activity seen in the presence of MPTP or MPP+

(TabIe i-8) .

At 5 or i-0 ¡M, MPTP caused a 1,32 and 202 inhibition, respectively,

of MAO activity (Tab1e 19). At similar concentrations, MPP+ inhibited

MAO activity by 272 and 392, respectively. 0n the other hand, pargylíne

at 10 .lr¡t causes clos e to 1002 inhibition of MAo activity. In the

presence of 5 or 10 FM MPTP or MPP+, MAO-B activity vlas not

sígnificantly altered (TabIe 19). Under the same assay conditions,

deprenyl at substantially lower concentrations, significantly inhibited

MAO-B activity.

Effect of the decarboxvlase inhibitors

The effects of various decarboxylase inhibitors are shown Ín

Table 20. At various inhibitor concentrations, both DOPA decarboxylase

and 5-HTP decarboxylase activities were inhibited to similar extents by

benserazide (Ro4-4602) , MI'MD, DFMD, NSD l-01-5, NSD 1034, and NSD 1055.

In

However, this was not the case v¡ith cl-methyl DOPA. A I7Z and 462



TABLE 17

Effects of MPTP and MPP+ on Whole Brain DOPA d.ecarboxylase

and 5-HTP decarboxyÌase activities in the Rat
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Compound

None

MPTP

f

MPP.

Conc

(uM)

decarboxylase

activitYar c

DOPA

5

10

5

10

aBrain homogenate
medium (1-m1 vol-.
buffer (pH 6.7)

986+100

1089+102

10 9 7 +101

BB0+57

909+53

mercaptoethanol, 1 umole DOPA (containing 0.1 uCi L-[3-
14c1-lole¡ with and without MPTP or MPp+.

bBrain homogenate was incubated at 37oC for 60 min in a

medium (1-ml voJ-.) containing: 75 umoles Tris-HC1 buffer
(pH 8.3 ) , 0 . 3 umole PLP, 10 umoles 2-mercaptoethanol,
0.6 umole 5-HTP (containing 0.1 uCi DL-[3-f4C]-s-HTp) with
and without MPTP or MPP+.

cvalues represent meanlS. E.M. f or f j-ve separate experiments,

5-HTP

decarboxylase

activitYbr c

(+11S)d

ï722)d

(-e*)d
(-68)d

was incubated at 37oC for 15 min in a

) containing: B0 umoles sodium phosphate

16.0+3.4

, 0.125 umole PLP,

27 .3!6
29 .6+6

each performed in duplicate.
expressed in pmoles /mín/mg protein. Numbers in parentheses
show percent changes from control. dtlot significant,
ep<0.05 in comparison to control (Student's unpaired
t-test).

.0

.0

.0

.6
31.
1aJJ.

Í7ß)e
(+86?)e

ftg62)e
(+107%)e

6+B

2+4

10 umol-es 2-

Enzyme activities are



Effects of Deprenyl on

activity in the

-100-

Compound

TABLE 18

Rat Whole Brain

presence of 5 FM

Control-

MPTP

IDeprenyl ]

(FM)

I
MPP'

5-HTP decarboxylase

MPTP or MPP+

0

0

0.1
0.5

0

0.1
0.5

aBrain homogenate was incubated at 37oC for 60 min in a

medium ( 1-m1 vol-. ) containing z 75 ¡rmoles Tris-HCI buf f er
(ptt 8.3), 0.3 pmole PLP, 10 ¡rmoles 2-mercaptoethanol,
0.6 pmole 5-HTP (containing 0.1- ;rCi DL-[3-14C]-s-HTp), and
5 nmoles of MPTP or MPP*. For d.eprenyl studies, the assay
medj-um \,vas preincubated for 5 min at 37oC prior to the
addition of 5-HTP. Val-ues are expressed as percent of
control and represent the average obtained for two
separate experiments with a standard error of l-ess than
c9

decarboxylase

(Percent activity)a

5-HTP

100b

l.70
169

206

184

216

222

À'l.epresents an activity of 31.73 pmoles /mLn/mg protein.



Effects of MPTP, M.PP+, Pargyline, and Deprenyl on

MAO activity in crude Rat Brain MitochondriaJ_ preparations

Compound
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TÀBLE 1.9

None

MPTP

!
¡{.PP'

Conc.

(pM)

MAO

(Percent activity)a

PargyJ-ine

Deprenyl

5

10

5

10

10

0.05
0. r.0
0.s0

acrud.e brain mitochondriaÌ preparation was incubated at 37oC for 30 min
in a medium (0.4-m1 voJ-.) containing: 20 pmol-es potassium phosphate
buffer (pH 7.2), MPTP, MPP+ or pargyline as appropriate and 0.4 pmote
tyramine (containing 0.02 pCi of If-14C]-tyrarnine). Values represent
percent of control-+S.E.M. for 5 separaÈe experiments, each performed
in duplic_gte; N.D.= not determined.

ÞCrude brain mitochondrial preparation was incubated at 37oC for 20 min
in a medium ( 0 . 3-mJ- vol . ) containing: 50 ¡rmoLes sod.ium phosphate
buffer (pH 7.4), l"tPTP, MPP+ or deprenyl as appropriate and0.31 nmole
tyramine (containing 5 nci ß-[ethyl-t-14c]phenylethyJ-amine). val-ues
are expressed as percent of control and represent the average obtained
for two separate experiments with standard error less than 78 of the
meani N.D.= not determined.

cRepresents an activity of 4.61+6.40 nmol/min/mg protein.
dR"pr."urrts an activity of 1.37 nmol/min/mg protein.

100c

87 +2

B 0+2

7 3+L

6 1+1

6+L

N. D.

N. D.

N. D.

MAO_B

(Percent activity)Þ

100d

104

94

LT7

r.r_9

N. D.

33

t_6

13



Effects of Decarboxylase Inhibitors on Striatal DOPA decarboxylase and

Hypothalamic s-HTP decarboxylase activities in the Rat

Cornpound

-ro2-

Di fluoromethyl-DOPA

l,f on o f 1 uoromethyl - DO PÀ

d-Methyf-DOPÀ

NSD 1015

T,èBI,E 20

Conc,

(FM)

DOPÀ

decarboxyl-ase

(Percent Àctivity)a

5

50

10

100

100

s00

1

10

100

I
5

IO

1

IO
100

10

50

NSD IO34

NSD 1055

51.0+r1.2f

4 .6+3 .2c
0

83.3+1.9c
53. 5+0 , 9c

N. D.

2.7+L,Ld
0.4+0.2

N. D.

0

n

0

0

? t¡Ê E

72. s+l .f
Ro4-4502 ( Benserazide)

5-HTP

decarboxylase

(Percent activity)b

astriatal homogenale was incubated at 37oC for 15 min in a medium (l-rnl voJ..) containing:
80 ¡:rnoles sodium phosphate buffer (pH 5,7),0.125 Fmole PLP, 10 lrmoles 2-mercaptoethanol,
1 pmole DoPÀ (containing 0.1 ¡:Ci r.-¡:-14c1-ooee¡ and the appropriate concentration of
inhibitor; incubation mixture was preincubated for 5 min prior to the addition of DOPA.
values represent mean:Ls,D. (n=3) and are expressed as percent of control which has
activities of 254L - 3490 pmol/nin/mg protein; N.D.= not deÈerrnined.

bHypothalamic homogenate was incubated at 37oC for 60 min in a medium (l-ml vol.)
containing: 75 )rmoLes Tris-HCl buffer (pH 8.3)¡ 0.3 .unol-e pl,p, 10 ]rmol-es 2-
mercaptoethanol, 0.6 )rmole 5-HTp (containing 0.1 ¡rci DL-t3-r4cl-s-HTp) and the
appropriate concentration of inhibitor; incubation mixture was preincubated for 5 min
p;ior to the addition of 5-HTP, Value,s represent meanas.D, (n=3) and are expressed as
percent of control- which has activities of 135 - I78 pmoì./min/mg proteini N.D.= not
determined.

cP.0.001, dp.0.01, ep<0.025, fp<0.05 compared to respective 5-HTP d.ecarboxylase activity
(Student's unpaired t-test.).

78.4a10. 6

11.8+0. 9

13.4+2.8
4.8+4.6

44.9+0.3
16.8+0.6

28 .2+2.4
19 . 9+5. 9

N. D.

38.0+8.8
N. D.

L2.6+3.0

3.9+1.5
5. 7+0. 6

N. D.

15.2+0.2
0.4+0,2
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ínhibition of DOPA decarboxylase activity

of l-00 uM and 500 uM of -nethyl DOPA. In

act.ivity rras inhibited by 552 and

concentrations.

3. Effect of the antipyridoxíne metabolites

Table 21 shows the effects of several antipyridoxíne metabolites.

Compounds like A0AA, hydralazine, and phenelzine differentially affected

DOPA decarboxylase and 5-HTP decarboxylase activities. Other compounds

- ísonicotinic acid hydrazide (isoníazid), penicillamine, semicarbazj.de,

thiosemicarbazíde - did not significantly affect either enz)rme activity.

'was observed in the presence

contrast, 5-HTP decarboxylase

832, respectively at those



Effects of À¡ti-Pyridoxine Metaborites on striatar DopA decarborylase and

Hypothalamic s-HTp decarboxyLation activities in the Rat

Compound

-104-

Arninooxyacetic acid

HydraJ.azine

Isonicotinic
acid hydrazide

PenicilLamine

Phenelzine

ITÃBI,E 21

Conc.

(Flf)

100

1000

100

500

100

r.000

100
1000

10

100

100

1000

r.0 0

1000

decarboxylase

(Percent Activity)a

Semicarbazide

Thiosemicarbaz ide

83. r-+t. of
16.5+1.4e

89 . 4+2 .8f
2t.5+7.0e

123.0+0.4
104.5+0.6

!04.3+6 .2
rr4.g+7.8f

N. D.

53 ,2+2.7d

103.9+8.6
105. 9+5. 6

101.8+5.4
84.5+3.4

astriataL homogenate was incubated at 3?oc for 15 min in a medium (1-m1 vol.) containing:
80 pmoles sodium phosphate buffer (pH 6.1), 0.125 }rmore pt,p, lo )rmores 2-mercaptoethanor,
r Èmol-e DoPÀ (containing 0.1 pci r,-¡:-14c1-ooee¡ and the appropriate concentration ofmetaborite; incubation mixture was preincubated for 5 min prior to the addition of DopA.values represent mean+s.D. (n=3) and. are expressed as percent of control_ which hasactivities of 2956 - 3490 pmol/min/mg protein; N.D.= not determined.

bHypotharamic homogenate $¿as incubated at 3zoc for 60 min in a medium (l-ml vo'.)containing: 75 Emores Tris-HCr- buffer (pH L 3 ) , 0.3 Èmole plp, 10 )rmor.es 2_mercaptoethanol' 0.6 Èmore s-HTp (containing 0.1 ¡:ci DL_[3_14c]_s_HTp) and theappropriate concentration of metaboritei incubation mixture was preincubated for 5 minprior to the addition of 5-HTP' varues represent meanas.D. (n=3) and are expressed aspercent of contror which has activities of 136 - 19r pmoJ-/min/mg protein.
cp<0'001' dp'0'005, ep<o '02s, fpco.05 compared to respective 5-HTp decarboxylase actÍvity

( St.udent's unpaired t-t.est ) .

5-HTP

decarboxylase

(Percent activity)b

90.8+4.6
80.2+3.3

99 . 6+5 .2
40.9+5.6

119.7+8.8
105. 4+0.3

95.1+3.0
98.9+6.0

89.6+2.6
77.8+I.9

II2.4+5.2
105. 2+1. I

106.3+2.5
83. 1+5.2



D. Diecueel-on

The increase in 5-HTP decarboxylase activity caused by MpTp and

MPP+ ís in accordance with the increase in the brain level of 5-HT

following Ín vivo administratíon of Mprp (chiueh et ar., L9g4a,b;

Hallman et a7., L985; Enz et a7.,1984; Tadano et aJ,, rggT). The rov¡

concentrations of MPTP and MPP* used in thís investígation are in the

range expected following intravenous administration of MPTP and have

been used in organotypic culture of embryonic rat mesencephalon

(Langst.on et aJ., 1984a; Mytilineou and cohen, r9g4; cohen and

Mytilineou, l-985 ) .

It has been reported that MPTP and MPP* are potent inhíbitors of

both forms of MAO (KinemuchL et aJ.,1985; singer et a7., l-995). rt is

possible that the increase in 5-HTP decarboxylase activity observed in
vitro by MPTP or MPP* addition might be due to the inhibirion of MAO.

This wourd cause an accumulation of 5-HT. Thus, the íncrease ín

decarboxylase of 5-HTP observed might be an artifact of the assay

conditions. If this were so, there should be an accumulation of both

5-HT and DA as well as an apparent increase in the activities of both

DOPA and 5-HTP decarboxylases under the assay conditíons. However, only

5-HTP decarboxyrase activity was significantly increased, but no

significant change in DOPA decarboxylase activit.y was observed. In

addition, it was found that the ínhibition of MAO by Mprp and Mpp* at

the tv¡o concentrations studied was only in the range of ]-3-402. Thus,

the inhibition of MAO alone cannot account for the increased 5-HTP

decarboxylase activity. the selective inhíbition of the two forms of

-L05-



MAo by l'fPTP and MPP+ (Kinemuch í et ar. , 1985 ; singer et a7. , 1985 )

should not come into question since both DA and 5-HT can be deaminated

by MAO-A in the rat brain (Finberg and. Youd.im, l-983; Fuller and Hemrick-

Luecke, 1985a; Fow1er and Ross, 19g4; Arai et aJ., 1936).

concentrations of MPTP and MPP* used also did not inhibit MAO-B activity
(Table 20). Deprenyl, a specific MAO-B inhibitor, has been shown to

prevent the oxídation of Mprp to Mpp+ (chiba et aJ., 1984; Heikkila

et a7., l-984b,1985b; cohen and Mytilineou, 1985; cohen et aJ., 1985;

Fuller and steranka, 1985; Nakamura and vincent, l9B6). when ít was

included in the assay for 5-HTp decarboxylase, the increase in
decarboxylase caused by MPTP and MPP+ remained unchanged (Tab1e 19).

Hence, the oxídative metabolísm of MPTP to MPP* or the dihydropyridinium

intermediate (castagnoli et aJ., L9g5) ís not required for the

stimulation of 5-HTP decarboxylase.

The enzyme AADC has general-ly been referred to as a single enz)rme

capable of decarboxylating both DOpA and 5-HTp (Lovenberg et aJ., 1962).

However, earrier work described in chapter rrr section r (part A) of

this thesis has suggested the possible exisÈence of different forms of

AADC with different substrate specificities for DOPA and 5-HTp,

respectively, beíng present ín varyíng amounts in different brain

regions. This would explain the differential effects of MpTp and Mpp*

on the activity of AADC usíng DOPA and 5-HTP as substrates in the raL

brain. The increased 5-HT revel (chiueh et aJ., 1984a,b; Enz et aJ.,

1-984; Hallman et al., l-985) seen in rats or mice administered MpTp could

be explained by the action of MPTP and MPP+ or their metabolites on

5-HTP decarboxylase. However, the mechanism of thís action has yet to

-l-06 -
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be investígated. It should also be noted that ít is possíble that this
action of MPTP and. MPP* on 5-HIP decarboxylase may have no bearing on

the nigrar cel1 death induced by Mprp ín mice (Heikkila et aJ., 1-984a;

Hallrnan et al.,1985; Gupta et aJ., l-9g4) since DOpA decarboxyrase was

not affected.

concentrations to rats, it does not cause selective destruction of

dopaminergic neurons (chiueh et aJ,, 19g4a,b; Enz et aJ., 19g4).

However, there is consíderable evidence índicating a functíonal

relatíonship between 5-HT, NE and DA in the control of nigrostriatal
function (Chesselet, 1984). The s-HT innervation of the substantia

nigra and caudate nucleus comes from the dorsal and med.ian raphe nuclei,

the innervation of the substantia nigra being particularly rÍch. Thus,

a decrease in DA release from the substantia nigra, caused. by Mprp

neurot'oxícity, may in turn increase 5-HT release from terminals

projecting to the substantia nígra or caudate nucleus. An increase ín
5-HT release may be accompaníed by an increase in the synthesis of 5-HT

since 5-HT cell bodies are not affected by I'{PTP treatment (Gupta et ai.,
l-984; Hara et a7., 1987). Alternatively, intact serotonergic fibers nay

also sprout in response to reduced presence of dopaminergic termínals in
the nigrostriatal system (Gupta et aJ., l-994). since primates and

rodents exhibit marked differences in their sensitivity to the

neurotoxic effects of I4PTP (Johannessen et aJ.,19g5a), it would be of

ínterest to examine the effects of MPTP and MPP* on AADC in the primate

brain.

-LO7 -

Furthermore when MPTP is adminístered in Iow

The present study shor"¡ed that

inhíbitors , DFMD and MFI'ÍD, potently

the enz¡rme-activated irreversible

ínhibited both DOPA decarboxylase



and 5-HTP decarboxylase jn vitro. When administered intraperítoneally,

both DFMD (Palfreyman et a7., 1978) and MFMD (Jung et aJ., LgTg)

inhibited AADC activíty in many organs. However, only MFMD was an

effective inhibitor of AA-DC activity in the brain (Jung et aJ., rgTg).

This is probably due to the poor penetration of DFMD through the blood-

brain barrier since it is shov¡n in this study that DFMD is as potent as

MFMD as an inhibitor of DOPA and 5-HTP decarboxylases in the brain. The

antihypertensÍve agent, o-methyl DOPA has also been shown to ínhibit
DOPA decarboxylase (Sourkes, L954) and 5-HTP decarboxylase (Lovenberg

et aJ.,1963). usíng pig kidney cortex as the enzyme source, sourkes

(1954) reported that 0.1 mM and 0.5 rM of s-merhyl DOpA inhibired 7Iz

and g82 of DOPÁ. decarboxylase activity, respectively. At simirar

concentrations, rrê found that rat striatal DOPA decarboxylase was

inhibited to a lesser extent. This may be attributed to a difference in

the tissue selectivity of the inhibitor or to a difference in the

characteristics of DOPA decarboxylase from the CNS versus the peripheral

-t-0 8 -

organs.

decarboxylase to a greater extent t.han DOPA decarboxylase. Comparable

inhibítion of 5-HTP decarboxylase activity was arso observed by

Furthermore, o-urethyl DOPA r^ras f ound to inhibit s-HTp

Lovenberg and colleagues (1963).

decarboxylase by NSD 1015 and NSD 1055 (Giorgi and Rubio, 1981) was

observed at 10 JrM v¡hile NSD 1034 (2 p¡tl causes 5OZ, inhibition (Sourkes

and Rodriguez , L967 ) . f t \¡/as obs erved in this study, ar1 the NSD

compounds - NSD l-01-5, NSD l-034, NSD 1055 - strongly inhibired the two

decarboxylase activities r,¡ith NSD 1055 being the most pot.ent. Burkard

and co-workers (L962,I964) reported that benserazide not only inhibited

Complete inhibition of DOPA



rat kidney 5-HTP decarboxylase (7OZ aL 50 nM) but also rat brain s-Hfp

decarboxylase (502 at 10 ,¡lM). Other reports have shown that benserazide

totally inhibíted DOPA decarboxylase at 7-30 ¡rU (Bartholini et a7.,

L967; Giorgi and Rubio, 1981). rn this study, we report that although

there was inhíbition of DOPA decarboxylase and 5-HTP decarboxylase by

benserazÍde, the inhibition was not selective for either enzyme.

The present study also shows that the non-specific carbonyl-

trapping agent, AOAA, inhibited DOPA decarboxylase to a greater extent

than 5-HTP decarboxylase. This is in agreement with the observations of

sims and co-r,¡orkers ( l-973 ) . However, DOPA decarboxylase f rom the

adrenals r,¡ere not affected by AOAA in vitro or in vivo (Giorgi and

Rubio, 1981). This again shows differences in the characteristics of

DOPA decarboxylase from the cNS and the perípheral organs. The

antíhypertensíve agent, hydralazine (Apresoline), has also been reported

to ínhibit DOPA decarboxylase ín the kidney (perry et aJ.,1955, l_969).

When included in enz)rme assays in this study, hydralazine is shown to

inhibit both DOPA and 5-HTP decarboxylase activíties with a more

pronounced effect on the former enz)rme. Isonicotinic acid hydrazide,

commonly known as INH, has been extensively used. as an antituberculous

drug (Ebadi et aJ., LSBZ; Bhagavan and Brín, 19g3). This hydrazino

compound reacts with PLP, forming a nicotinyl hydrazone of pyridoxal,

v¡hich is excreted in urine (Ebadi et aJ., Lggzi Bhagavan and Brin,

1983). This depletes the tissue of plp and thus may act as a

competitive inhibitor of PlP-dependent enzymes. This was true for GAD

vrhere 32-572 inhibitíon was observed in the presence of 0.i--1.5 uM INH

(Ki1lam and Bain,1-957; Hood and Abrahams, LgTr). rn the present study,

-109-



not only did INH not cause any inhíbition of DOPA d.ecarboxylase or 5-HTp

decarboxylase activities, there \,/as a slight increase in the tv¡o

decarboxylase activities at 0.1 trM. Nevertheless, this effect was not

selective for eíther enzyme. The in vivo effects of various antivítamin

B6 like penicillamine, semicarbazlde, and thiosemícarbazide on the

metabolism of 1-aminobutyríc acid (GABA) and its relationshíp to vitamin

86 has been r,¡ell studíed (Kíllaur and Bain, 1957; wood and Abrahams,

l97L; Fisher and Davies, L974i perry et aJ., J-974; yamashita and Hirata,

L977; sawaya et al., 1978; Abe and Matsuda,3,g7g; sakurai et aJ.,19g1).

These compounds are knovrn to produce seizures in animals and the above

studies concur that the interaction of these compounds with pl,p causes

an inhibitíon of glutamic acid decarboxyrase (cAD), read.ing to a

decrease in the levels of GABA in the braín; GAD requires pl,p as íts

coenz)rme in the decarboxylation of glutamate to GABA. The deficiency of

GABA in the brain is an important factor in the prod.uction of

-1-10 -

convul sions .

thiosemicarbazide strongly inhibited GAD activity at 0.1_-j- mM

concentrations (Killam and Bain, 1957; wood and Abrahams, L97;-i Fisher

and Davies , L974), these compounds v¡ere found to be ineffective in

ínhibíting DOPA decarboxylase or 5-HTP decarboxylase. Penicillamine is
a metal-chelating agent and has been used in the treatment of Wilson, s

disease to reduce the copper load in patients (Bhagavan and Brin, l-9g3).

This agent has also been used ín the treatment of arthritis (Ebadi

et a7.,1,982). This compound was reported to inhibit cAD activity in
vitro and in vivo (Abe and Matsuda, rgTg; Giorgi and Rubio, l_9g1) while

DOPA decarboxylase activity was increased in vitro (Giorgi and Rubio,

Although hydrazides like semicarbazide and



l-981). The present study shows no signifícant effect of penicillamine

on both decarboxylase activities. Phenelzine has been shown to cause

clinical pyridoxine deficiency (stewart et a7., L9g4; Demers et ar.,

l-984 ) . The probable mechanism of induction of pyridoxine deficiency is

a combínation of the hydrazine (-NHNHZ) noÍety with the pyridoxal forn

of the vitamin to produce a hydrazone, r^rhich is inactive (Raskín and

Fishman, 1964). Phenelzine is also a non-specific monoamine oxidase

inhibítor and has been used for treatment of phobic states, atypícal

depressions, and posttraumatic st.ress disorders (Demers et a7., l-984).

It has been shown to inhibit braín 5-HTP decarboxylase as weII (Dyck and

Dewar, 1986). The current study indicates that phenelzine seems to have

a more pronounced effect on DOPA decarboxylase activity than 5-HTP

decarboxylase activity.

Tn summary, our results shor,¡ that MPTP and MPP* have dífferentíal

effects on the activity of AADC, using DOpA and s-HTp, respectively, as

substrates ín the rat brain. The oxidative metabolism of MPTP and MPP*

is not essential for the stímulation of 5-HTP decarboxylase actívity.

Furthermore, s-methyl DOPA, A0AA, hydralazine, and phenelzine al-so show

differential effects on the decarboxylase activities.

-l_L1-
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PTIRIFICATION OF DOPA DEC.ARBOXH,ASE EROM BO\jltNE STRTANM

CEAPTER ITI

EKPERT}.ÍENTAL SECTIO¡{ TT



A. IntroductLon

Purfffcatfon of DOPA decarboxylase from bovfne et,rlatuxû

The experimental results of the previous chapters suggest the

independent regulation of the decarboxylations of DOPA and 5-HTp. This

regulation may involve one or more forms of decarboxylase for aromatíc

amino acids ín the brain. To confirm the identity of AADC in the brain,

it ís riecessary to purífy the proteín(s) in question.

-113 -

Aromatic L-amíno acid decarboxylase has been purifíed from various

tissues such ås guinea pig, pig, and rat kidneys (christenson et aJ.,

r970; Lancaster and sourkes , 7g7z; srinivasan and Awapara, rgTg; Borri

voltattorni et aL., r979; shirota and Fujisawa, 19gg), bovine adrenals

(Ceasar et a7., L970; Goldstein, J-972; Albert et aJ.,1997), rat líver
(Awapara et aL., L962; Ando-Yamamoto et al., L9B7; Dominici et aJ.,

l-987), human pheochromocytoma (Maneckjee and Baylin, L9g3; rchinose

et a7., 1985) and smaIl intestine of monkey (Murali and Radhakrishnan,

1970). Recently, the purification of AADC from bovine brain stem, by

affinity chromatography using a monoclonal antibody to the ad.renal

enzyme, has been reported by Nishigaki et a7. (1988).

we no\¡r report for the first time the isolation and

characterization of DOPA. decarboxylase from bovine corpus striatum, a

dopaminergic-rich source.

distribution of -AADC towards DOPA and 5-HTp in the bovine brain.

We have also examined the regional



B. Experl-meataL

1. Materials

DEAE-sephacel and sephacryr s-200 were from pharmacía-LKB

(Montreal , Pq). LKB-UltroPac column of TSK Phenyl- 5PLI r,¡as purchased

from Fisher scientific (Ed.monton, AB) . L*3,4-Dihydroxyphenyt¡:-14c¡-

alanine (11 mcÍ/mrnor) and Dl-S-hydroxy¡c-3Hlrryprophan (5.3 ci/mmor)

were purchased from Amersham Canada (Oakville, ON). All other chemicals

-L1"4-

were of the híghest grade commercially available.

Fresh bovine brains t¡ere obtained from a loca1 abbatoir (East-West

Packers Ltd., winnípeg, MB) and transported on ice to the laboratory

r,rhere different brain regions were quickly dissected out and. kept frozen

at -70oC until use.

2. Enzyme assays

DOPA decarboxylase and 5-HTP decarboxylase activities were assayed

as descríbed prevíousry in chapter rrr section r (part A) 8.5 and 8.6,

respectively. For the determínation of DOPA decarboxylase activity of

column eluates, a microassay using a smaller volume of sample v¡as

employed. The reaction mixture contained ín a total volume of 0.1 ml:

80 mM sodium phosphate buffer (pH 6.7),1 uM ¡14c1loea (0.2 uci/umot),

10 mM 2-mercaptoethanol, 0.i-25 trM pyridoxal 5'-phosphate, and 0.1 ûM

pargyline. The reaction was ínitiated by the ad.dition of ¡14c1lore

solution and after incubation at 37oc for 60 min, it was stopped by

chilling on ice. The reaction mixture ¡,¡as extracted tr¿ice v¡ith 1-m1
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volume of l--butanol. scintillant was added to the butanol

the radioactívity determined.

3. Definition of enzvme unít

One enz)rme unit is def íned as the

formatíon of 1 nmol of dopamine per min

specific activity is expressed as uníts/mg

4. Determination of oroteín

Protein contents were determined using Bio-Rad Proteín Assay which

is based on the method of Bradford (1976) with bovine serum albumin as a

reference standard, or by measuring the absorbance at 2g0 nm.

5. Polyacrylamide ge1 electrophoresis at oH 8.8

The degree of homogeneity of the purified bovine stríatal DOpA

decarboxylase was assessed by usíng eíther 7.sz SDS-PAGE or 7.52 non-

sDS-PAGE at pH 8.8, followed by localization of proteins by silver
staining. The SDS-PAGE system used was that of Laer¡nli (Lg7O) while

non-SDS-PAGE was as described by Davis (L964), using 0.75 nm thick slab

gels (8 x 7 cm). After electrophoresis the gels were fixed for 30 min

with l-2.52 trichloroacetic acid and then silver stained using the system

amount which catalyzes

at 37oC from L-DOPA.

proteín.

fractíons and

of Morrissey (1981).

the

The

carculated with respect to the following markers: phosphorylase b

(Mr:97'400), bovine serum albumin (Mr:66 ,zoo), ovalbumin (Mr=4z,699),

carboníc anhydrase (Mr=31,000) .

Relative mobilities of protein bands r¡/ere



6. Purification of bovine striatal DOpA decarboxylase

It is important to work as quickly as possibte ín the cold at al1

stages of purification. All procedures descríbed. here were performed at

4oC unless otherwise stated.

(a) Preparation of the crude striatal, extract

Bovine stríatum (about 300g) was homogenized in four volumes of

0.1 M potassíum phosphate buffer, pH 6.8 ín a waríng brender. The

homogenate vras then centrífuged at l-0 000 g for t h ín a sorvall RC-sc

refrigerated centrifuge. The supernatant was considered the crude

extract.

-116-

(b) Annoniunz Sulfate Fractionation

Crystalline ammonium sulfate was added to a gently stírring crude

extract until 302 saturation was reached. The mixture .r.qas then 1ef t
stirring for at least 30 min after which the precipitate .was removed by

centrifugation at 10 000 g for t h and díscarded. To the supernatant

was added additional solid armonium sulfate untí1 60Z saturation was

reached. This was stirred gently for an additional 45 min, and then

centrifuged at 13 000 g f.or t h and the supernatant r,¡as discarded. This

30-602 ammonium sulfate precipitate vras slowly dissolved in 0.01 M

potassium phosphate buffer, pH 7.8, containíng 0.01 nM plp, 0.1 rM EDTA

and 1 mM 2-mercaptoethanol (Buffer A) and was díalyzed overníght against

several changes of the same buffer.

centrifuged at l-00 000 g for t h and the perlet was discarded

The dialyzed solution r/¡as



-L77 -

(c) DEAE-SephaceL col_umn chromatography

The centrifuged dialysate from the previous step was loaded at a

flow rate of 35 m1/h onto a DEAE-sephacel column (z.s x 4s cn)

previously equilibrated wíth Buffer A minus PLP and EDTA. The colu¡m

was washed with l- column volume of the same buffer (300 ml) follor+ed by

a linear gradient of 0.02 to 0.3 M potassium phosphate buffer (l- liter
each), pH 7.8, containing 1 ¡M 2-mercaptoethanol. Fífteen millíliter
fractions were collected and those with the highest enz)rme act.ivity were

pooled. Solid ammonium sulfate was added to the pooled fractíons to 602

saturation. The precipitate was then collected by centrifugation,

dissolved in about 9 ml of 0.1 M potassíum phosphate buffer, pH 6.g,

containing 0.01 rM PLP, 0.1 !ìM EDTA and L mM 2-mercaptoeLhanol, and

dialyzed overníght against the same buffer.

(d) SephacryT S-200 coJumn chromatography

Four míllíliters of the dialysate obtained from the previous step

was applied onto a sephacryr s-200 gel filtration corumn (2.5 x 1_10 cm),

previously equilibrated r,¡ith 0.1 M potassium phosphate buffer, pH 6.8,

containing 0.02 ûM PLP, 0.1- rM EDTA and z myr 2-mercaptoethanol

(Buffer B). The same buffer was used for elution at a flow rate of

14 ml/h and 2-ml fractions were collected. The gel filtration procedure

was repeated a few times and samples with the highest enz)rme activity
v¡ere pooled and concentrated with an Amicon ult.rafiltration unit using

YM10 membrane filter.
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(e) Hydrophobic HPLC with phenyl-5p'[,f

Hydrophobic chromatography lras done on a waters HPLC system

(Milford, MA) consísting of the following components: ModeI 720 system

controller, two solvent delivery systems (Model 45 & Model 60004), Model

U6K uníversal ínjector, and Model 411 absorbance det.ector. A Ultropac

column of TSK Phenyl-SPw (i.d. 7.5 x 75 rnm) was used for chromatography.

To the enz)rme solution solid ammoniu¡n sulfate was added to L5Z

saturation. The mixture was then applied to the hydrophobic colurnn,

previously equilibrated v¡ith a buffer containing 100 rM potassiun

phosphate buffer (pH 6.8), 152 anrnonium sulfate, 0.L mM pl,p, 0.j- trìM EDTA

and 1 mM dithiothreitol (DTT). Then the column was washed with Buffer C

consisting of 50 lrM potassíum phosphate buffer (pH 6.g), 0.1 mM plp,

0.1 nM EDTA' L trM DTT, and L\Z anrnonium sulfate. Elution was carried

out by a linear gradient of L0-02 ammonium sulfate in Buffer C at a flow

rate of 0.5 ml/min.

7. Effects of sulfbydryl reagents and metal cations

Partially purified enz)rme preparations (after DEAE-Sephacel

chromatography) were dialyzed overnight in 0.1 M potassium phosphate

buffer, pH 6.8, contaíníng 0.01 mM PLP prior to determination of enzyme

activity as described above. Z-l'Iercaptoethanol vras omitted from the

assay medium. The appropriate amounts of varíous sulfhydryl reagents

and metal ion solutíons were added to the assay mediurr and preincubated.

for 5 min and 2 min, respectively, at 37oc prior to initiation of enzyme

reaction.



To evaluate whether 2-mercaptoethanol and EDTA could reverse the

effects of metal íons, enz¡rtne solutions were preincubated as described

above. After 2 min at 37oC, i- mM 2-rnercaptoethanol or 0.5 mM EDTA was

added. The míxture was further íncubated for 3 min at 37oC at which

time the ¡14C1lOfe substrate solution was ad.d.ed..

8. Effect of heat treatment

Aliquots of the same enz)¡me preparations (as ín (f) above) were

incubated at 55oC in the assay medium containing the buffer and

Z-mercaptoethanol for various length of time. pyrídoxal 5'-phosphate

r¡¡as then added to the medium prior to the inítiation of enzyme reaction

by the addition of ¡14C1OOee subsrrare.

-L19-



C. Reeulte

1. Regional dístribution of decarboxvlase activities

The distribution of DOPA and 5-HTP decarboxylase activities was

ínvestígated in several brain regions. Expressed as a rat.io of DOpA

decarboxylase over 5-HTP decarboxylase activities (Table 22), ít was

found that the activity ratio varíed from 8 ín the brainstem and corpus

striatum to 24 in the hypothalamus.

-L20-

Purification of bovine striatal DOpA decarboxvlase

DOPA decarboxylase from bovine striatum was purified using a

combination of ammonium sulfate precipitation and ion-exchange

(Figure 12), ge1 filtration (Figure 13), and hydrophobic ínteraction

chromatography (Figure J-4). The results from this purification protocol

are summarized in Tab1e 23. The ammonium sulfate fractionation at 30-

602 saturatíon precipitated at least 8OZ of the enz)¡me activity while

precipitating about 502 of the proteins in the crude extract. During

DEAE-Sephacel chromatography, the decarboxylase appeared. in the eluate

when the phosphate-buffer concentration reached approximately 0.12 M

(Fractions 68-76 in Figure 1-2). The specific activity of the final
enz)rme preparation with DOPA as substrate .vfas about

l-,600 units/mg protein with a yield of 6Z

3. Properties of bovine striatal DOpA decarboxylase

The purity

electrophoresis on

of striatal DOPA

polyacrylamide gels

decarboxylase \¡¡as assessed by

One single band (Mr=56,000) was



Regional Distribution of DOpÀ decarboxylase and
5-HTP decarboxylase in Bovine Brain

Brain
regions

-I2T-

Brainstem

Cerebellum

Cerebral- cortex

Corpus Striatum

Hippocampus

Hypothalamus

Pinea1 Gl-and

T.A3LE 22

DOPA

decarboxylasea

392+22

166+1

29L+82

13 81+ 12 7

297 +29

747 B+7

5832+58

aval-ues

Enzyme

h.atio

5-HTP
decarboxylasea

represent meanJS.E.M. of 3 separate
activities are expressed in pmol/min/mg

= DOPA decarboxylase activitv

cvalues are calculated. from the two d.ecarboxylation
activities of individual sampres. Ratios having the same
superscript symbols are not significantly different from
each other whil-e those having different superscript symbors
are significantly different from other values in the same
column; p<0.05 Duncan,s mul_tiple range test.

48.2+11. B

16. B+1.7

1,7.0+0.2

169.1+3.1

25 .3+3 .7

62.4+t.t

352 .4+28

5-HTP decarboxylase activity

Ratioarbr c

9.0+1.9

10.1+1.0

L7 .0+4 .6

8.1+0.6

11. B+0.2

23.7+0.3

16.7+1.1

t
*

ort

experiments.
protein.

I

t
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observed on SDS-PAGE (Fígure 15, Lane z). Non-denaturing PAGE also

shows a single broad band (Figure 1-6, Lane 5) suggesting heterogeneous

charge distribution.

decarboxylase purífied from the bovine adrenals (Albert et a7., lggT)

and rat liver (Dominici et a7., l-987). using gel filtration, the

relatíve molecular weight of bovine striatal DOPA decarboxylase riTas

estimated to l-01,000 j 4,000 (Fígure 1-7). lie further corroborate this

by sedimentation analysis of the enzyme in 5 to 2OZ sucrose density

gradients (Martin and Ames, 1961). By comparison with several proteÍns

of known sedimentation coefficíent, the sedimentation coefficíent
(Davis, L964) of DOPA decarboxylase was estimated to be 6.4 (Figure 18).

The M, of DOPA decarboxylase was calculated to be 112,000. In srÐmary,

our best preparations of bovíne striatal DOPA decarboxylase showed a

single band on polyacrylamide geI electrophoresis (PAGE) indicating

homogeneíty. The results of SDS-PAGE, gel fíltration, and sedimentation

analysis indicate that DOPA decarboxylase is a dimer r^rith subunit of

M, = 56,000.

The effects of various reducing agents and sulfhydryl reagents on

DOPA decarboxylase and 5-HTP decarboxylase activities were studied.

similar to the enzyme from the pig kidney (christenson et aJ., r970;

Dominíci et a7., 1984b), the bovine striatal DOPA decarboxylase also

requires free sulfhydryl groups for activity. Table 24 shov¡s that DOPA,

decarboxylase activity was enhanced by grutathione, DTT and.

2-mercaptoethanol, and was inhibited by p-chloromercuribenzoa¡*e and

N-ethylmaleimide.

-L26-

This has also been observed for the DOPA
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of bovine striatal DOP.A.
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serum al-bumin , (66,200 ) ;
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purified DOPÀ decarboxylase
protein. Other experimental
described in Chapter rII
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from the Phenyl 5PW

details are as

Section II.B.5.
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Figrrre 16 " Discontinuous P-A,GE analysis of the purification
sequence of bovine striatal Dopi\ decarboxylase.
Acrylamide gels (7.sg non-denaturing) were run at
pH 8.8 as described in Chapter III
Section fI.8.5. Lane JI crud.e extract; Jane 2,
30-608 ammonium sulfate fraction; Jane 3, DEAE_
Sephacel fraction i Jane 4, Sephacryl 5_200
fraction; and Tane S, phenyl 5pW fraction.
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Effects of Reducing agents and Sulfhydryl reag.ents

Compounds

on Bovine Striatal- DOpÀ decarboxyÌase activitya

-13 1-

Control-
2-Mercaptoethanol-
Dithiothreitol
Glutathione
Cysteine
p-Ch1 oromercuriben z oate
N-EthyImal-eimide

TåBLE 24

aÀ sample of the enzyme preparation \,cas d.ialyzed overnight
f ree of 2-mercaptoethanol. Aliquots of the d.iaryzed enzfrme
were then preincubated in the presence of the compound.s
shown in the Tabre for 5 min at 37oc in the assay med.ium
prior to initiation of enzyme reaction.

Concentration
(mM)

1;
1

1

1

0. r-

0.1

Enzyme Activity
(8)

100

154

150

721

92

0

0



The ef f ects of certain metal ions r/rere also investigated.

Christenson and co-workers (1970) have reported. that CuZ*, Hg2* arrd ZnZ*

at l- mM were strong inhibítors of pig kidney DOPA decarboxylase while

Perry et al. ( l-969 ) f ound that at concentrations of 0.l- mM, only ttg2+

and Cd2* inhibited guinea píg kidney DOPA decarboxylase significantly;
OL 

'LCrL'' and ZÍL-' were only inhibitory at i- DlM. In the present study,

strong inhibition of bovine striatal DOPA decarboxylase by Cd2+ , CoZ*,

'L 'J-Hg'' , and Zrr'' was observed even at a concentration of 0.05 mM

(Table 25). This ínhibition caused by heavy metals was further examined

to see whether it can be reversed by either 2-mercaptoethanol or EDT.A.

Table 24 shows that activity of DOPA decarboxylase could be restored

completely if af ter inactivation with Cd.z+ and CuZ* the enz)rme was

incubated with EDTA, v¡hi1e similar treatment r,¡ith 2-mercaptoethanol can

-732-

only partially restored the enz1rme activity.

inactivation cause d. by Ugz+ and Zn2* could be reversed only partíally by

2-mercaptoethanol but not by EDTA.

Heat treatment at 50o-55oC has been used in the purifícation

procedures of AADC from other tissues (Christenson et a1., L97O; Murali

and Radhakrishnan, L970; Lancaster and Sourkes , L972). We have now

examined the effect of incubating an enz)rme preparat.ion at 55oC in an

assay medium with no substrates (DOPA or 5-HTP) or coenzymes (PLP).

After incubation at 55oC for 5 rnin, DOPA decarboxylase actívity was

reduced by more than 402 r,¡hereas 5-HTP decarboxylase activity was

reduced by only 10-20"Á (Figure 1-9).

In contrast, the



TABLE 25

Effects of Meta1 ions on
DOPA decarboxylase

Metal- Ions

-133-

Control

cd2+ (0.05 mM)

cu2+ (o . 05 mM)

Hg2* (0.05 mM)

zn2+ (0.05 mM)

None

Bovine Striatal
activitya

Enzyme Activity (8)

2-mercaptoethanolÞ
( 1 mM)

100

0

aA sample of the enzyme preparation r^ras diaJ-yzed. overnight
free of 2-mercaptoethanol. Aliquots of the dj-aÌyzed. enzfrme
were then preincubated in the presence of the compound.s
shown in the Tabre for 2 min at 37oc in the assay medium
prior to initiation of enz]¡me reaction.

bro determine the reversibirity of the effects of the metal-
ions, enzyme sorutions were preincubated as d.escribed
above, folrowed by the addition of 2-mercaptoethanor or
EDTA. This mixture was further incubated for 3 min prior
to initiation of enzyme reaction.

13

135

4t

EDT.AÞ

(0.s mM)

88

I4

135

1"57

T2B

0

82
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D" DLecuseion

DOPA decarboxylase has now been purifíed to homogeneity from

bovine corpus striatum to a specific activity of about 1,600

units/mg proteín, v¡hich ís in the same order of magnitude as those

reported for the pure enzyme from non-neuronal sources. Discontinuous

non-denaturing PAGE analysis of the isolated protein gave a síng1e band

índicating homogeneity. The bovine striatal DOPA decarboxylase isolated

in thís study also catalyzes the decarboxylation of 5-HTP. This broad

substrate specificity resembles the characteristic of AADC purified from

non-neuronal tissues (see Chapter TI.B.4.d: Substrate specÍficity). In

the crude extract, the ratio of DOPA decarboxylase activity over 5-HTP

decarboxylase activity was 9 whereas after ammonium sulfate

precípitatíon, the ratio of the two decarboxylation activities lras ZZ

(Table 23), The reason for the enrichment of DOPA decarboxylase

activity ís not defíned but may be due to the loss in s-HTp

decarboxylase activity after the ammoníum sul-fate precipitation process.

The evidence obtained from PAGE and SDS-PAGE clearly indicate a

singre protein capable of decarboxylating DOPA and 5-HTp. However,

histidine decarboxylase was originally thought to be decarboxylated by

aromatic L-amino acid decarboxylase (Lovenberg et a7., L96z) until the

isolation of a specific and distinct histidine decarboxylase (Schwartz

et aJ.,1970). As seen in the rat brain, the distribution of the two

enz)rme activities also varies between several bovine brain regions.

This indicates the presence of different amounts of decarboxylating

activities specífic for each substrate in different brain regions.

-l-3 5 -



Moreover, heat treatment of the enz)rme preparation inactivated the two

decarboxylation activities at different rates. The results of the

present study suggests that there could be a similar sítuatíon with

regard to DOPA and 5-HTP decarboxylases.

The average M, of bovine striatal DOPA decarboxylase calculated

from gel elutíon method and sedimentation analysis is l-06,000. This

compares well r,¡ith the molecular weight of DOPA decarboxylase purífied

from other tissues, whích ranged from 100,000 to l-Lz,000 (Table 26).

The sedimentation coefficíent of striatal DOPA decarboxylase was also

the same as that reported for t.he pig kídney DOPA decarboxylase (Borri

Voltattorni et a7., 1979). Based on the data obtaíned from SDS-PAGE

analysis, \{€ conclude that bovine striatal DOPA decarboxylase is a

dímer.

cdZ*, cuz*, HgZ*, and znZ* all show strong affiníty for ligands

such as phosphates, cysteinyl, and histidyl side chains of proteins

(Stokinger, J.978; Vallee and. U1mer, L972). HgZ+ and CdZ* also interacts

r.rrith carboxyl groups, tryptophan, and tyrosine (Val1ee and Ulmer, 1972).

Hov¡ever, these two heavy metal ions are normally thought to exert their

effects through their interaction r,¡ith the free sulfhydryl and disulfide

groups of proteins (Stokinger, J,978; Vallee and Ulmer , Lg72). UgZ*

inhibitíon of the DOPA decarboxylase activity is probably through the

binding of a cysteinyl group since 2-mercaptoethanol can reverse the

inhibition while EDTA cannot; Hgz+ binds more t.ightly to cysteine (1og K

45.4) than to EDTA (1og K = 22.L) (Sillen and Martell, tg71-). Cd.z+

may interact somewhat differently since its inhíbition of enz)rme

-L36-



Tissue Source

-L37 -

Comparison of the Mol-ecular Weights of
DOPA decarboxylase from Various Sources

Bovine Striatum

Bovine Adrenal

Bovine Brai-nstem

Human

Pheochromocytoma

Rat Liver

TAETE 26

M--r

106/000

112,000

100,000

l_00 r 000

100/000

i-00r000
l_00,000

000-108,000

112,000
103,000

Rat Kidney 100,

Pig Kidney

Reference

This study

ALbert et aL. (1987)

Nishigaki et al-. ( 19BB )

Maneckjee and Baylin (1983)
Ichinose et al-. ( l-9 85 )

-A,ndo-Yamamoto et al_. ( 1987 )

Dominici et aL" ( f-987 )

Shirota and Fujisawa (1988)

Christenson et aL. (1970)
Borri Voltattorni et aL. (1979)



activity can be fully restored by EDTA and partíally restored by

Z-mercaptoethanol. This indicates that both cd.Z+ and cuz+ very likely

also ínteract with síde chain groups (e.g. hístidyl group) other than

the free sulfhydryl group . znZ* also may interact between a free

sulfhydryl group and a side chain group thus causing certain

conformational damage to the enz1rme structure.

Aromatic L-amino acid decarboxylase (AADC), has been suggested to

lack substrate specifícity and to be responsible for the synthesis of

both dopamine and serotonín (Lovenberg et a7,, 1962). The immunological

ídentity of the brain enz¡rme with a similar decarboxylase from the pig

kidney has also been reported (christenson et aJ., rgTz). However, much

more antibody per unít of enzyme activity was requíred for the conplete

inhibition of decarboxylase activity in rat brain compared to that of

pig kidney. Recently, ít has been reported that a síngle gene codes for

AADC in both neuronal and non-neuronal tíssues (Albert et a7., Lg87).

However, the nearly 800 untranslated bases of the 2.3-kb AADC mRNA may

yet play a role ín defining the specificity of the enz)ûre in different

tissues. The neuronal DOPA decarboxylase purified in the present study

may be similar to that from non-neuronal tÍssues since they share many

characterístics such as optimal pH, substrate specificity, molecular

weight, sedimentation coefficient, sulfhydryr group requirement, and

inhibition by heavy metal ions. rt should be noted, however, that the

neuronal DOPA decarboxylase was more heat labile than the non-neuronal

enzyme. Furthermore, aminooxyacetic acid which has no effect on the

adrenal enzyme either in vitro or in vivo ((Giorgi and Rubio, 1981) can

inhibit the neuronal DOPA decarboxylase (see Table 21). Additionally,

-1-3 8-



c-methyl DOPA has been reported to inhibit the pig kidney DOPA

decarboxylase by 7lz and 982 at 0.1- and 0.5 ûM concentrations,

respectively (Sourkes, 1954). At símilar concentrations, c,-methyl DOPA

inhibited only L7Z and 462 of neuronal DOPA decarboxylase activity,

respectively ( see Table 20) .

decarboxylase for aromatic amino acids ín mammalian tissues has been

suggested by varíous lines of evidence. Earlíer work from prevíous

sections has shov¡n that pyridoxine deficiency has differentía1 effects

on the act.ivity of AADC using either DOPA or 5-HTP as the substrate.

Rahman et aJ. (1982) have also reported that acute effects of PLP

deficiency differentially affected the recovery pattern of AADC

activities toward DOPA and 5-HTP, after in vitro addition of PLP.

Differences in the distribution of AADC activity towards DOPA and 5-HTP

ín different tissues and brain regions have also been shown by several

investigators (Sims et al., L973; Rahman et aI., j-98i-; Rahman and

-l-3 9 -

The presence of more than one

Nagatsu, L982). Furthermore, we have shown that the neurotoxin,

1-methyl-4-phenyl-L,2,3,6-tetrahydropyridíne (MPTP) and its metabolite,

MPP+, enhance 5-HTP decarboxylase but not DOPA decarboxylase activity.
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Aromatic L-amino acid decarboxylase is a PLP-dependent enzJrme

directly involved ín the synthesis of the neurotransmitters, dopamine

and serotonin. Throughout the last twenty years, the question whether

this enzyme exists as a single protein or multíple proteins has been

debated by various research groups. Many reports on neuronal AÄDC have

also been extrapolated, directly and indirectly, from that of non-

neuronaL enzymes. For example, antibodies produced against the adrenal

or kidney AADC have been used in immunoprecipitation and immuno-

localizatíon of brain AADC. In view of this, the report describing the

imrnunochemical cross-reactivity betr.¡een DOPA decarboxylase and histidíne

decarboxylase ís of major signíficance. Especially due to the fact that

prior to the ídentification of a specific hístídine decarboxylase in

different regions of the brain, it was always assumed that AADC r,qas also

responsible for the decarboxylation of histidine. This may also hold

true for DOPA and 5-HTP decarboxylases. Recently, using antibodies

produced against the adrenal AA-DC (DOPA as substrate), a cDNA for AADC

has been isolated and subsequent Southern blot analysis are consisLent

wíth the presence of a single gene coding for A.A.DC in all tissues. It

ís quite possible that different isoenzymic forms of .AADC may arise from

a síngle gene. These different forms may subserve specific functions in

different brain regions. The laboratories of F.E. B1oom, T. Nagatsu,

and A.G. Roberge have reported that the optimal conditions in terms of

pH, substrate concentrations, cofactor requirements, and some kinetíc

characteristics are different for the decarboxylation of DOPA and 5-HTP

General DlecuseLon
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in

to

the rat braín and other tissues. They suggest that this night be due

the presence of several protein species or isoenzymes of AADC.

The results of the present study lend further support to the

hypothesis that the decarboxylatíon of DOPA and 5-HTP are regulated

índependently. A sumnary of the differences between DOPA and 5-HTP

decarboxylases ís presented ín TabLe 27. Although pyridoxine deficiency

decreased both DOPA and 5-HTP decarboxylase activities, the percentage

decrease in activity was shown to be non-identical (Table 15). Thís can

account for the difference in monoamine levels seen in the pyridoxine-

deficient rats compared to the pyridoxine-supplemented group.

CharacLerization of the two enzyme activities has revealed differences

in the optimal conditions for the two decarboxylations and in the

distribution of the enzyme activitíes in different regions of the rat

and bovine brain. In the raL, DOPA decarboxylase from the corpus

striatum also exhibited lower K', and higher Vr"* than that from the

brainsLem. Dialysis of the brain homogenates, in the presence and

absence of hydroxylamine, resulted in a total or greater loss of 5-HTP

decarboxylase activity compared to that of DOPA decarboxylase activity,

indicating that PLP is more tightly bound to DOPA decarboxylase

apoenzyme than to 5-HTP decarboxylase apoenz¡rme. These results srlggest

that the synthesis of serotonin could also be limited by cofactor

availability. Furthermore, the present study also shows that the

neurotoxin, MPTP and its oxidation product, MPP+, can enhance 5-HTP

decarboxylase acLivity but not DOPA decarboxylase activity. Dissimilar

responses of DOPA decarboxylase and 5-HTP decarboxylase to o-methyl

DOPA, aminooxyacetic acid, hydralazine, and phenelzíne have been

-r42-
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demonstrated as well. It is interesting to note that several studies

including the present one have índicated that aminooxyacetic acid

inhibits AADC in the brain rvhile another study has shown that this

carbonyl-trapping agent has no effect on the enzyme from the adrenals.

Thus far, the results are consistent with the suggestion that the

decarboxylation of DOPA and 5-HTP are regulated independently' At this

juncture, there ís no direct evidence for the involvement of separate

proteins for the decarboxylation of DOPA and 5-HTP. ff separate

proteins were ínvolved ín the tr.ro decarboxylations ' conclusive evidence

for the distinct identity of these protein entitíes coul-d only come from

the purifícatíon and characterízation of the suggested proteins ' DOPA

decarboxylase has nor"¡ been purified from the bovine corpus striatum and

has Some properties similar to the non-neuronal enz)Ûte. A surmary of

the similarities and differences betv¡een the neuronal and non-neuronal

enzyrne is given in Table 28. The notíon that this enzyme has a single

active site can be discounted as heat treatment of the enzyme

preparation inactivated the tv¡o decarboxylation activities in a

díssimilar fashion. Simílar findings have been observed in rat brain

homogenates by sims and colleagues. Although it is possible that this

enzyme has tv¡o separate active sites for DOPA and s-HTP, it should be

pointed out that pyrídoxine deficíency did not cause a para1lel decrease

in the total enz)rme protein avaílab1e for the two decarboxylations ín

dífferent rat brain regions v¡hen assayed under optimal cofactor and

substrate conditions. This non-parallel decrease was not due to a lor^¡er

affinity of 5-HTP decarboxylase for PLP alone. Another possibility is

that DgpA decarboxylase and 5-HTP decarboxylase may have overlapping

-L44-
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substrate specifícities simílar to that of glutamic acid decarboxylase

and cysteic acíd/cysteine sulfinic acid decarboxylase. If this were the

case, DOPA decarboxylase can decarboxylate both DOPA and 5-HTP.

However, the presence of a decarboxylase specific for 5-HTP cannot be

ruled out. The use of 5-HTP or DOPA ínterchangeably as substrates for

the determination of DOPA decarboxylase or 5-HTP decarboxylase

activitíes should be avoided as it may v¡eIl provide misleading

information about the anatomically and functionally different

neurotransmitter systems. Dopaminergic systems has been associated with

the initiation and execution of extrapyranidal movement, schízophrenia,

prolactin release, growth hormone secretion, ovulation, and melanocyte-

stimulatíng hormone release. A disturbance in serotonin metabolism has

been impticated in sleep, appetite and thermoregulation, sexual

behavior, pain perception and control of pituitary secretions as well as

in the pathophysíology of migraine, myoclonus, and depressive illness.

Moreover, this laboratory has demonstrated that a decrease in serotonín

leveIs has led to hypertension, hypothyroidism, impairment of pineal

function, and sleep disturbances. A better comprehension of the nature

and properties of the enzymes responsible for DOPA and 5-HTP

decarboxylations will enable us to study the regulation of these

enzymes. Then the goal of restoring the brain and body's proper

chemical equilibrium may eventually be achieved through development of

better diagnostic and therapeutic methodologies for the various

palhophysiological conditions described above.

-r46-

The final resolution of the question whether one or multiple

proteins are involved in the decarboxylation of aromatic amíno acids in



manmalían tissues will come from the complete purifícation and sequence

analysis of both decarboxylases ínvo1ved, in neuronal and non-neuronal

tissues. We norv have a handle on DOPA decarboxylase but must av¡ait the

purification of 5-HTP decarboxylase.
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