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ABSTPACT

A simple effective method for the resolution of ring-
substituted phenylalanines was devised. The amino acids
resolved include 3,4-dihydroxyphenylalanine (DOPA), tyrosine,
nm-hydroxyphenylalanine (m-tyrosine), o-hydroxyphenylalanine
(o-tyrosine), p-chlorophenylalanine (p-CP), and p-fluoro-
phenylalanine (p-FP). The resolution of the aromatic amino
acids was effected by the asymmetric hydrolysis of their
racemic ethyl esters with a-chymotrypsin at pH 5. The
L-amino acids were obtained by crystallization from the

concentrated reaction mixture, and the cthyl esters of the

Fn

D-isomer were extracted with ethyl acetate_followed by
saponification or acid hydrolysis to give the D-amino acids.
The optical purities of the isomers obtained by this method
were greater than 99.5%, and the yields were generally above
60% for the L-isomers and about 60% for the D-isomers. Fur-
thermore, the application of method to the large scale reso-
lution of ring-substituted phenylalanines was tested with
m-tvrosine. 70 g of IL-m-tyrosine was prepared and no diffi-
culties were encountered in the resolution method with res-
pect to both yield and optical purity.

Studies on the hydroxylation of phenylalanine showed

that m-tyrosine was formed along with tyrosine and DOPA when




L-phenylalanine-l4c was incubated with beef adrenal medulla
homogenate in the presence of a pteridine co-factor and a
DOPA decarboxylése inhibitor. The experimental data indi-
cate that the conversion of phenylalanine to m-tyrosine was
enzymic, and that tyrosine hydroxylase could be the enzyme
responsible for the reaction. Incubation of L-m-tyrosine with
rat liver or beef adrenal homogenates gave rise to a.
amino acid which was identified as DOPA on the basis of its
fluorescence spectrum, chromatography, and the formation of
3-0-methyl-DOPA from L-m-tyrosine. Based on several proper-
ties of the reaction, amongst these the requirement for a
pteridine co-factor, and the fact that m-tyrosine hydroxyla-
ting activity was present in partially purified preparations
of tyrosine and phenylalanine hydroxylases, it is likely that
the conversion of m-tyrosine to DOPA was effected by these
two well known aromatic amino acid hydroxylases. These find-
ings provide an explanation for the appearance of m-hydroxy-
phenyl compounds in human and animal urine and lead to the
proposal of an alternative pathway fer the biosynthesis of
catecholamines from phenylalanine with m-tyrosine as an
intermediate.

The effects in vivo of D= and L-p~CP on the hydroxyla-
tion of phenylalanine and m-tyrosine by rat liver were in—

vestigated. Injection of D- or L-p-CP into rats resulted
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in identical decreases in the liver phenylalanine hydroxy-
lase activity. The hepatic hydroxylating activity responsible
for the conversion of L-m-tyrosine to DOPA was inhibited by
p-CP in the same manner. No effects on the tyrosine hydroxy-
lase activity of the brain and adrenals could be detected.
The results further indicate that it is not necessary to
invoke the presence of a new enzyme to account for the hydro-
xylation of m-~tyrosine by rat liver. The significance of
these findings in relation to the mechanism of action of p-~CP
is discussed.

The anti-reserpine action of DL-m-tyrosine was confirmed
by using the optical isomers of m-tyrosine. L-m-tyrosine
like L-DOPA can antagonize the sedative action of reserpine.
D-m-tyrosine, and the D- or L-isomers of tyrosine or o-tyro-
sine had no awakening effect on reserpine-treated animals.
The use of L-m-tyrosine as a therapeutic drug for the treat-
ment of Parkinsonism is proposed.

As part of a study on the biochemistry of m-tyrosine,
.the transamination reaction of ring-substituted phenylalanines
was investigated. m-Tyrosine, o-tyrosine, p-FP, and p-CP were
tested as substrates for the cytosol and mitochondrial tyrosine
aminotransferases with a-ketoglutarate, oxaloacetate and py-
ruvate as amino group acceptors. None of the above aromatic

amino acids were found to be substrates for the cytosol enzyme.



On the other hand the mitochondrial enzyme was shown to bhe
capable of transaminating m-tyrosine, p-CP, and p-FP with

all three keto acids as amino group acceptors and at rates
of 16-25% of that for tyrosine. A slow but definite tran-
samination of L-o-tyrosine by the mitochondrial enzyme was
demonstrated using labelled a-ketoglutarate as amino group

acceptor.



TABLE OF CONTENTS
Fage
List of Tables...I..Q...'t...l.."!‘l".O..'l...'......l.ll iii
List Of FigUIeSeeeeeererosossvesresrososnsssssnosnsanooness v

A Y EViatioNS . e e s eesoresonssossonsoreassssosonnsansnssess Vi

INTRODUCTION

Resolution of ring-substituted phenylalanines.......e.. 1

Biochemistry of ring-substituted phenylalanines........ 13

SECTION I

A : The resolution of ring-substituted
phenylalanines
INtrodUCEiONeeeeereveenrsvoansosnnenscoseavrisascss 32
Materials and MethodS.veveivveenaoeeoroanocinnines 33
RESULES .t vensneroresasessvasonososnsossssessviasnns 39
DiSCUSSION. tesrasesnennnsoconsvinensvearossoconntane 45

B : Large scale preparation of L-wm-tyrosine............ 590
SECTION LT

A : Synthesis of 0,N-dimethyl-m-tyrosine and
O'methYl-l_Tl_—terSine..............----.-......qo.... 54

B : Metabolism of m-tyrosine
(1) The formation of m-tyrosine from
phenylalanine
(2) The hydroxylation of m-tyrosine
Introduction.......... P
Materials and Methods....oeveeevenncns I
Resul.tl.c"l.l!.l‘-tiit ........ e ® 9 0 8 ¢ F O S O NSRS IS NE 20 68

DiSCUS ST O s v e asasscnoncnnssosnvonsassansnsosvenssae 92




- i -

Page
SECTION III

The effects in vivo of L- and D-p-chloro-
"phenylalanine on the aromatic hydroxylating
activity of rat liver

Introduction.eeee e eivecosennnsnns

R X |

cerevesss 98

©o e 0B L EPE NP IEOERPEOESL VS 100
DiSCUSSion.......-...-o-o-..--..-......-..--..-.-.--.. 105

Materials and MethodS...eeeeevsrosonssenennns

ReSU.ltS..--.-....-........---..-..

SECTION IV

The awakening effect of L-m-tyrosine
on reserpine-treated mice

Introduction.;........................................ 109
Materials and MethodS...vieeeeevoovasonaossnssnrnenses 110

Results and DiscuSSiON.eeseeeeeeroveessossressosseneses L1l
SECTION V

The transamination of ring-substituted

phenylalanines
Introductiol‘ll....I..I...."'.".l.....I..'.,!ﬂl...l’ll‘ 115
Materials and MethodS.veeeeeecssssravees cirenassasiess 116
Resultsll'O.l'lll'.'.'...l.ll..l’.l.i.'l’.lll.l‘....t‘ 120

Discussion.l.l'..‘il....'...'.b."'-.'ll\‘.'.'i'.'..... 12']

BIBLIOGRAPHY.l.O.ll".l.lI.ltll.'0’..0.!'.lﬂldvvb.u'..l.li- 131




- iii =

LIST O TABLES

Table Title Page
1 Data for the resolution of ring-substituted DL~
Phenylalanines. : 42
2 Resolution of ring-substituted phenylalanines
Chromatographic data from the Beckman amino acid
analyzer. 43
3 Effect of L-amino acid oxidase (Crotalus adaman-
teus) on o-tyrosine. 44
4 Elution times of l4C amino acids from the Beckman
amino acid analyzer. 71

(82

Effect of various substances on the hydroxylation
of L—phenylalanine—l4c by beef adrenal medulla

howmogernace. 7%
6 Comperison on the hydroxylation of phenylalanine
with beef adrenal medulla hompgenate and the non-
enzyimatic tetrahydropterin-Fes" system. 73
7 Elution times of aromatic amino acids and some of
their Methyl-derivatives on the amino acid analy-
Zer. 80
8 Formation of DOPA from m~tyrosine. 8.
9 The formation of 3-O-metbyl-DOPA from L-m-tyrosine
by rat liver homogenate. 82
10 The formation of 3~0O-methyl-DOPA by rat brain
homogenate. 83
11 Effect of p-chlorophenylalanine on the tyrosine
hydroxylase activity of rat brain and adrenal. 102
12 Reversal of the tranquilizing effect of reserpine

by L-m-tyrosine. 114




_iv—

Table Title Page
13 ~ Elution times and constants of aspartate, gluta-
mate and alanine from the Beckman amino acid
analyzer. 122
14 Formation of glutawate, aspartate and alanine by
transamination of aromatic amino acids with o=
ketoglutarate, oxaloacetate and pyruvate. 123
15 Formation_of labelled glutamate from o-ketoglu-

tarate-5-14C and tyrosine. 124




—Vu—

LIST OF FIGURES

Figure Title Page
-
1 Chromatographic separation of the Erodhcts from
the incubation of L-phenylalanine- (U) with
beef adrenal medulla. 74
2 Hydroxylation of L-phenylalanine—l4c by beef
adrenal medulla. 75
3 Formation of 3-0-methyl-DOPA from L-m-tyr031ne
by rat liver. 84
4 Fluorometric identification of DOPA from the
incubation of L-m-tyrosine with rat liver. 85
5 Fluorescence spectra of authentic sawple of
DOPA and m-tyrosine. 86
6 Formation of DOPA from L-m-tyrosine, and tyrosine
from L~phenylalanine by rat liver homogenate. 87
7 Chromatography of a 2 h incubation of m~tyrosine
with rat liver in the presence of S-adenosyl-L-
methonlnc-methyl-l4 88
8 Formation of DOPA from L-m-tyrosine and L-
tyrosine by beef adrenal medulla homogenate. 91
9 Effects of p-CP administration on the hydroxy-
lation of L-phenylalanine by rat liver. 103
10 Effects of p-CP administration on the hydroxy-
lation of L-m-tyrosine by rat liver. 104
11 Transamination of ring-substituted phenylalanines
with o-ketoglutarate by the partially purified
mitochondrial tyrosine aminotransferase. 125
12 Transamination of L-o-tyrosine with a-ketoglu-

tarate by the partially purified mitochondrial
tyrosine aminotransferase. 126




- vi -

ABDREVIATIONS AND TRIVIAL NAMES

m-Tyrosine m-Hydroxyphenylalanine

m-Tyramine lngydroxyphenylethylamine

o-Tyrosine o-Hydroxyphenylalanine

o-Tyramine o-Hydroxyphenylethylamine

DOPA 3,4-Dihydroxyphenylalanine

DOPamine 3,4-Dihydroxyphenylethylamine

p-CP p-Chlorophenylalanine

p-FP p-Fluorophenylalanine

NADPH Nicotinamide-adenine trinucleotide,
reduced

DMPi 6,7-Methyl-5,6,7,8-tetrahydro-
pterinerHCl-1% H20

NSD-1055 3-Bromo-4-hydroxybenzy loxyamino
phosphate

o~Ketoglutarate 2-0Oxoglutarate

d.p.m. Disintegrations per minute




INTRODUCTION

It is well established that the D- and L- forms of amino
acids are not biologically equivalent, yet many investigators

still utilize the DL forms because their optical isomers are

not readily available. Although isolation from natural sources
usually yields L-amino acid isomers, amino acids prepared by
chemical methods are racemic. At the present time resclution
of synthetic amino acids represents an important route for

the preparation of L-isomers, and is particularly valuable

for the preparation of D-isomers.

Ring-substituted phenylalanines have received-increasing
interest over the past ten years because of their biological,
pharmacological and medical importance. For example 3,4-
dihydroxyphenylalanine (DOPA), an intermediate in catechola-
mine biosynthesis, is now used for the treatment of a number
of neurological diseases and in particular Parkinsonism (Cot-
zias et al., 1969) (Barbeau, 1969). L-m-Hydroxyphenylalanine
(L-m-tyrosine) is gaining attention for the same reason (Sand-
ler et al., 1971) (Benoiton et al., 1971). p-Fluorophenyl-
alanine (p-FP), an anti-metabolite of phenylalanine and tyrosine,
has been reported to inhibit tumor growth in micg when given
with a phenylalanine deficient diet (Ryan and Elliot, 1968).

p-Chlorophenylalanine (p-CP) is now well known as an inhibitor




of serotonin biosynthesis and as a possible drug for the
treatment of malignant carcinoid syndrome (Sjoerdsma et al.,
1976). However the optical isomers of these aromatic amino
acids are not readily accessible, and relatively little is
known about their biochémistry. This thesis describes the
resolution of these aromatic amino acids and some of their

biochemical properties.

The methods for the resolution of amino acids can be
divided into two general categories, chemical and biological.
An excellent review article on the resolution of amino acids
was given by Greenstein (1954). The introduction here will
be restricted to the discussion on the resolution of phenyl-

alanine and its ring-substituted analogues.

CHEMICAL METHODS FOR RESOLUTION OF AMINO ACID RACEMATES

Selective crystallization: Selective crystallization

of one optical isomer from a concentrated racemic solution
was firs; observed by Pasteur (1852). Since then several
observations of spontaneous crystallization of one isomer of
a compound from a solution of the corresponding racemate have

been recorded in the literature. L-tyrosine14c—labelled was

obtained by dilution of l4c-1ahelled DL-tyrosine with an




excess of unlabelled L-tyrosine and by crystallization from
water (Weinhouse and Millington, 1948). L-DOPA was separated
from DL-DOPA in a similar manner (Brossi et al., 1970). An
obvious drawback of this method is the danger of contamin-
ation of one isomer with its enantiomorph during crystal-

lization,

Formation of diastereoisomeric salts: The resolution of

racemic forms by conversion to diastereoisomers was first
devised by Pasteur, and later Fischer applied the principle
to the resolution of amino acids (Fischer, 1899). The sep~-
aration is based on the differential solubilities of the
diastercoisomeric salts of the racemate with optically-active
bases or acids. The resolution method usually involves the
use of amino acids acylated on the amino groups so as to
cause them to be essentially acids and hence able to form
salts with optically-active bases. After the separation of
the diastereoisomeric salts, the base is regenerated and the
acyl group is removed by hydrolysis to give the free amino
acid.

D- and L-phenylalanine have been prepared from the reso-
lution of N-carbobenzoxy=-DL-phenylalanine with phenylethyl-
amine (Overby and Ingersoll, 1960), N-formyl-DL-phenylalanine

with brucine (du Vigneaud and Meyer, 1932), and N-acetyl-



DL-phenylalanine with a-fenchylamine (Overby and Ingersoll,
1951). |

- The preparation of D- and L-tyrosine by the resolution
of the synthetic N-benzoyl and N-acetyl derivatives with
brucine and cinchonine has heen described (Fischer, 1900},
(Sealock, 1946). Separation of D- and L-isomers of m~-tyrosine
has been achieved from the resolution of N-formyl-DL-m-tyr-
osine with brucine (Sealock et al., 1951).

D- and L-DOPA are available by the resolution of N-acetyl-
(3,4-diacetoxyphenyl)-DL-alanine with cinchonin, followed by
removal of the alkaloids and subsequent hydrolysis (Haring-
ton and Randall, 1931) (Vogler and Baumgartner, 1952). Re-
cently the resolution of N-acetyl-(3,4fdimethoxyphenyl)-DL-
alanine with optically-active organic bases has been reported
for the preparation of L-DOPA (Berenyi et al., 1971) (Hever et al.
1970) (Nakamoto et al., 1971). D- and L-2,5-dihydroxyphenyl-
alanine were obtained from the resolution of N-benzoyl-(2,5-
dimethoxyphenyl)-DL-alanine, in a study to determine the
origin of homogentisic acid (Neuberger, 1948).

There are a number of difficulties frequently encountered
in the resolution of amino acids by the principle of diastereo-
isomerism. For successful resolution the procedure would re-
quire the resolving agent to form a relatively tightly bound

salt with at least one of the two isomers of the racemate




and this salt must be quantitatively precipitable from the
other diastereoisomer. However, this ideal condition was
rarely met, and as in the case with selective crystalliza-
tion there is always the danger of cross contamination of
isomers. Thus after fin&ing & suitable resolving agent, a
tedious sequence of cry#allizations and measurements on the
degree of optical purity must be made to determine the best
conditions for precipitation. Another disadvantage of this
method is that it gives no clue to the optical configuration
of the respective isomerides.

Chromatography on support with optical activity: The

possibility that optical antipodes of a racemate might be
separated on the surface of an optically-active solid
material was first considered by Willstatter (1904). The
separation of the D- and L-isomers of 2,3-, 2,4-, and 3,5-
dihydroxyphenylalanine were noted on Whatman paper using a
butanol-acetic acid-water mixture as solvent (Dalgliesh,
1952) (Lambooy,1954). However, no separation was observed for
3, 4-dihydroxy-DL-phenylalanine. A column chromatography
method for the resolution of DOPA has been described recent-
ly (Baczuk et al.,1971). The method was based on a "3 point
attraction" theory between arginine and DOPA. The asymmetric

support was prepared by bonding L-arginine through a cyanuric




chloride linkage to Sephadex G 25. DL~-DOPA was resolved on
the column by elution with water. Whether any of these methods

might be of practical use remains to be seen.

BIOLOGICAL METHODS FOR RESOLUTION OF AMINO ACID RACEMATES

The essential problem of preparing one or the other op-
tical isomer of the racemate by the use of biological method
is that of specificity, both structural and optical.

Asymmetric oxidation or decarboxylation: This method

stems from the classic observations by Pasteur on the pre-
ferential use by Pcnicillium of the dextro over the levo
form of tartaric acid. A number of D-amino acids were pre-
pared by the selective action of micro-organisms on the L=
isomers of the corresponding racemates (Ehrlich, 1929) (Ehr-
lich and Wendel, 1908). It must be realized however that the
D-isomers of certain amino acids could be metabolised just
as well as their L-isomers (Bernheim et al., 1935) (Webster
and Bernheim, 1936).

Stereospecific D- and L-amino acid oxidases from dif-
ferent sources have been used for the preparation of optical-
ly‘pure isomers by oxidation of the corresponding enantio-
morph. D~Phenylalanine has been prepared by incubation of

DL-phenylalanine with a L-amino acid oxidase of Proteus




vulgaris (Stumpf and Green, 1944). The D-amino acid oxidase
of mammalian kidney and the L-amino acid oxidase of snake
venom are powerful enzymes of precise optical specificity
and have been employed for the preparation of the optical
isomers of amino acids. Nevertheless it was observed that
the pure L-isomers of tyrosine and tryptophan could not be
obtained by the action of hog renal D-amino acid oxidase
because of product inhibition (Parikh et al., 1958). Since
asymmetric oxidation or decarboxylation leads to the pre-
paration of only one of the two antipodes, it cannot be
regarded as a resolution method in its accepted sense.

Asymmetric synthesis:Bergmann and his co-workers found

that the proteolytic enzyme papain in the presence of N-car-
bobenzoxy-DL-amino acids and aniline catalyzed the synthesis
of N-carbobenzoxy-L-amino acid anilides more rapidly than
the corresponding D-anilides (Bergmann and Fraenkel-Conrat,
1937; 1938). The precipitation of the less soluble L-anilide
from the incubation mixture leaving the N-acyl-D-amino acid
in solution resulted in a method for the resolution of amino
acid isomers. Isolation of the insoluble L-anilide followed
by hydrolysis thus yielded the L-isomer of the free amino
acid, and the D-isomer could be recovered from the filtrate.
It was observed later that the acyl group has a marked in-

fluence on the optical course of the reaction. From a study



on the resolution of N~acyl-DL-phenylalanines by asymmetric
synthesis of the hydrazides with papain, it was found that
appreciable D-hydrazide was formed when the acyl group was
carbobenzoxy but not when the acyl group was acetyl (Bennett
and Niemann, 1950a).

Optical isomers of phenylalanine, tyrosine o-, m-, and
p-fluorophenylalanine were obtained by asymmetric synthesis
of L-gnilides or L-hydrazides, from their racemic N-acetyl
derivatives (Doherty and Popenoe, 1951) (Bennett and Niemann,
1950b). 3-Fluoro-DL-tyrosine was resolved by this method but
in this case the acyl group used was the benzoyl group (Nie-
mann and Rapport, 1946).

. A condition for this method involves a compromise in
solubilitieé, as the N-acyl-DL-amino acid must be soluble in
the buffer mixture yet the N-acyl-L-amino acid anilide must
be sparingly soluble if the reaction is to proceed to com-
pletion. The choice for the N-acyl group is also important
as it could affect the optical course of the reaction. Another
problem encountered in the resolution of amino acids by asym-
metric synthesis with papain is that drastic conditions which
may lead to racemization, are required for the hydrolysis
of the isolated anilides.

Asymmetric hydrolysis: In this procedure a derivative




of the amino acid racemate is prepared and treated with an
enzyme that selectively hydrolyzes the derivative of one
enantiomorph.

Perhaps the most valuable and extensive studies on
the resolution of amino acids have been carried out with
the aid of amino acid acylases. When N-acylated amino acids
are subjected to the hydrolytic action of renal acylase or
pancreatic carboxypeptidase, only the L-isomer is attacked.
The resulting free L-amino acid may be separéted in a single
step since the free L-amino acid is insoluble in nonagueous
solvents in which the acyl-D-amino acid is soluble. An
alternative method for the separation of the free amino
acid and its N-acyl derivative is the use of ion-exchange
resins. Another advantage over the methods so far discussed
except for asymmetric oxidation or decarboxylation is that
in this method the course of the reaction can be followed
by convenient analytical methods. The reaction is therefore
complete when 50% of the racemic mixture has been hydrolyzed.

There are at least two acylases in the hog kidney re-
ferred to as acylase I, and acylase II. Acylase I refers to
the fraction active toward the great majority of N-acylated
aliphatic amino acids, and acylase II to the fraction active
only toward N-acylated aspartic acid. Some 45 amino acids

have been resolved into their isomerides through the action
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of acylase I (or II) on their acyl derivatives (Greenstcin,
1954) . Recently L-m-tyrosine was obtained by resolution of
N-phenylacetyl-(3-methoxyphenyl) -DL-alanine with an E. coli
acylase, followed by hydrolysis with hydriodic acid in the
presence of red phosphorus (Bamberg and Sjoberg, 1971).

In general asymmetric hydrolysis with acylase is not
considered to be a suitable method for the resolution of
aromatic amino acids. It was observed that hog kidney acylase
was relatively unreactive toward the acetyl or chloroacetyl
derivatives of aromatic amino acids (Fodor et al., 1949)
(Birnbaum et al., 1952). A better method for the resolution
of phenylalanine and tyrosine with a purified beef pancreas
carboxypeptidase was described by Gilbert et al. (1949).
They reported a 30% yield for L-phenylalanine and L-tyrosine
and a 25% yield for their D-isomers. This resolution method
of aromatic amino acids was employed in the preparation of
L-Effluorophenylalanine-l-14C (Loftfield and Eigner, 1966).

Resolution by asymmetric hydrolysis of amino acid esters
with pancreas esterase has been used by a number of workers.
A number of racemic amino acid esters have been resolved
using crude preparations of pancreas and also with chymo-
trypsin.

Warburg (1906) demonstrated that a lipase-free pan-

creatin preparation acted rapidly and asymmetrically on
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DL-leucine propyl ester to yield L-leucine. The method was
extended to the resolution of DL-tyrosine by the action of
a crude pancreas secretion on DL-tyrosine ethyl ester (Ab-
derhalden et al., 1923). Pancreas powder was used to resolve
DL-phenylalanine by its hydiolytic action on the DL-phenyl-
alanine isopropyl ester (Wretlind, 1950). DL-tryptophan has
been resolved by the action of crystalline chymotrypsin on
DL-tryptophan methyl ester (Brenner et al., 1948).

The resolution method by asymmetric hydrblysis with
esterases was considered to have limited value for three
reasons: (a) possible spontaneous hydrolysis of esters under
the conditions employed (Wretlind, 1950), (b) because some
of the amino acid esters tend to polymerize and form higher
peptide esters in the presences of chymotrypsin (Brenner et.
al., 1950) and (c) replacement of an a-acetamido group by
an amino group would lead to partial loss in stereospeci-
ficity of chymotrypsin (Hein and Neimann, 1961).

Recently the metabolism of l4C-labelled D- and L-o-tyr-
osine in rats has been studied in our laboratory. The reso-
lution of DL-o-tyrosine was accomplished by the use of
stereospecific hydrolytic action of o-chymotrypsin on the
racemic amino acid ethyl ester at pH 5 (Petitclerc et al.,

1969a; 1969b). Also a kinetic study of the interaction of
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a-chymotrypsin with phenylalanine derivatives containing a
free o-amino group showed no enzymatic hydrolysis of D-
phenylalanine ethyl ester or D-phenylalanine p-nitrobenzyl
ester at pH 6 or 6.5 {Purdie and Benoiton, 1970). The
simplicity and other attractive features of this method
have prompted us to apply it to the resolution of ring—.

substituted phenylalanines.
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BIOCHEMISTRY OF SOME RING-SUBSTITUTED PHENYLALANINES

(o-tyrosine; m-tyrosine; p-fluorophenyalanine (p-FP);
p-chlorophenylalanine (p-CP))

While a great deal has been learned about the biochem-
istry of phenylalanine,‘relatively little is known about its
ring-substituted analogues except tyrosine and DOPA.

The enzymatic decarboxylation of a number of ring-sub-
stituted phenylalanines has been studied. It was found that
2,3-dihydroxyphenylalanine, 2,5-dihydroxyphenylalanine,
m-tyrosine and o-tyrosine could be decarboxylated by ex- 1
tracts of mammalian kidney and liver (Blaschko et al., 1949) 1
(Blaschko and Holton, 1950). That the decarboxylation of
these aromatic amino acids was catalyzed by a single enzyme,

DOPA decarboxylase, was later confirmed by Awapara et al.
(1962). o-, m-, and p-Chlorophenylalanines however were not
substrates for the mammalian or bacterial decarboxylases
(Blaschko and Stiven, 1950). All these aromatic amino acids
were found to be substrates of D-amino acid oxidase of hog
kidney and L-amino acid oxidase of snake venom (Blaschko et.
al., 1949) (Blaschko and Stiven, 1950).

The appearance of o- and m-hydroxyphenyl acids and
amines in human urine have been constantly reported in the

literature. m-Hydroxyhippuric acid, m-hydroxyphenylacetic
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acid, m-hydroxybenzoic acid and m-hydroxyphenyl-propionic
acid were detected in human urine (Armstrong et al., 1956a;
1956b) (Boyland et al., 1953). Abnormality in the excretion
of m-hydroxyphenylacetic acid has been reported in patients
of phenylketonuria (Boscott and Bickel, 1953) (Boscott and
Kirman, 1955). o-Hydroxyphenylacetic acid in urines of nor-
mal and phenylketonuric patients was also observed (Arm-
strong et al., 1955) (Armstrong and Shaw, 1955). Normal
human urine contains a very small amount of thydroxyphenyl-
ethylamine (m-tyramine) (Jepson et al., 1960) (Perry et al.,
1962), and gfhydroxyphenylethylémine (o-tyramine) (Nishimura
and Gjessing, 1966) (Jepson et al., 1960).

It has been suggested that gftyramine may be of endo-
genous origin (Perry et al., 1966). The exact sequence
of reactions leading to these o- and m-hydroxyphenyl com-
pounds is not known. There are two theories concerning the
origin of gfhydroxyphenylacetic acid : (a) a dehydroxyla-
tion reaction of 3,4-dihydroxyphenylacetic acid, a metabolite
of DOPA, by the action of intestinal micro~organisms (Booth
and Williams, 1963) (Sandler et al., 1969), and (b) a
hydroxylation reaction of phenylalanine to form m-tyrosine
by liver.phenylalanine hydroxylase (Coulson et al., 1968).
On the other hand, the appearance of gfhydroxyphenylacetic

acid was attributed to the conversion of phenylalanine
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to o-tyrosine (Fellman end Devlin, 1958), or the conver-
sion of phenylpyruvate to gfhydrdxyphenylacetate by the liver
(Taniguchi and Armstrong, 1963).

The possibility that m-tyrosine may give rise to cate-
cholamines was first put forth by Sourkes et al., (1961).
On the other hand m-tyrosine has been rejected as an inter-
mediate in the formation of DOPA (Ikeda et al., 1967) partly
on the basis that m-tyrosine was reported not to be a subs-
trate for the tyrosine hydroxylase (Nagatsu ét al., 1964) or
phenylalanine hydroxylase (Kaufman, 1962a) . However, re-
lating a few separate experiments m-tyrosine could indeed
serve as a precursor for catecholamines via a rather obscure
metabolic pathway. m-Tyrosine was decarboxylated to form
m-tyramine (Blaschko et al., 1949) which could give rise
to m-octopamine by the action of DOPamine B-hydroxylase
(Creveling et al., 1962), m-octopamine could in turn give
rise to norepinephrine by the action of a microsomal non-
specific hydroxylase (Axelrod, 1965). Also it has been shown

that a cell-free preparation from Bacillus cereus and Bacil-

lus thuringiensis could carry out the conversion of m-tyr-

osine to DOPA (Aronson and Vickers, 1965).
The hydroxylation of some halogenated phenylalanines

has been described. p-FP can be converted to tyrosine
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(Kaufman, 1961b), p~CP to m~chlorotyrosine, and p-bromo-
phenylalanine to m-bromotyrosine (Guroff et al., 1966) upon
incubation with phenylalanine hydroxylase.

There are a number of similarities between the pharma-
cological actions of L-DOPA and m-tyrosine which deserve
mentioning. Like L-DOPA, m-tyrosine can overcome . a neuro-
logical syndrome resembling Parkinsonism produced by treat-
ment with reserpine in mice (Blaschko and Chrusciel. 1960)
(Carlsson et al., 1957b). This pharmacological action of L-DOPA
and m-tyrosine is thought to be mediated by 3,4-dihydroxyphenyl-
ethylamine (DOPamine) or - m-tyramine . (Blaschko
and Chrusciel, 1960). However, the exact biochemical mech-
anism of action of L-DOPA and m-tyrosine is still unknown.
That DOPamine might be capable of exerting a direct pharma-
cological action instead of merely playing the part of an
intermediate in the synthetib pathway of norepinephrine has
been suggested (Carlsson, 1959) (Everett and Wiegand, 1962)
and may also be true for m-tyramine. A central hypotensive
effect for both m-tyrosine and L-DOPA has been described.
When rats were pretreated with a peripheral DOPA decarboxy-
lase inhibitor MK 485 (DL-0-hydrazino-o-methyl-g- (3,4~
dihydroxyphenyl)-propionic acid) ,m-tyrosine caused a lowering

of blood pressure (Rubenson, 1971).
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Halogenated phenylalanines have been studied with parti-
cular interest to find specific inhibitors for (a) tyrosine |
hydroxylase as one approach to anti-hypertensive drugs (Coun-
sell et al., 1970) (McGeer and McGeer, 1967), (b) phenylala-
nine h?droxylase for thé study of experimental phenylketon-
uria (DeGraw et al., 1967) and (c¢) tryptophan hydroxylase
in order to elucidate the cerebral function of serotonin
(Jequier et al., 1969) (McGeer and Peters, 1969). The most
rewarding discovery so far came from Koe and'Weissman (1966)
when they described a strong, long-lasting depletion of
serotonin from a variety of animal tissues with p-CP. Later
it was found that this depleting action involves a decrease
in the activity of tryptophan hydroxylase (Jequier et al.,
1967), differing from the mechanism of action of reserpine
(Pletscher et al., 1964a), and p-chloromethamphetamine
(Pletscher et al., 1964b). The pharmacological and behavioral
effects of p-CP on learning (Stevens et al., 1967), alcohol
consumption (Myers and Veale, 1968), sleep pattern (Weitzman
et al., 1968), and sexual behaviour (Ferguson et al., 1970)
(Tagliamonte et al., 1969) were assumed to be mediated thro-
ugh its effect on brain serotonin. Moreover, p-CP decreases
the hepatic phenylalanine hydroxylase activity (Koe, 1967)
(Guroff, 1969). Gal and Millard (1971) demonstrated-the in-

corporation of p~CP into proteins and they suggested that
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the inactivation of phenylalanine and tryptophan hydroxylases
may be due to the incorporation of p-CP at an enzymatic site
essential for their activity. Recently it was reported that
p-CP did not inactivate tryptophan hydroxylase in rat pineal,
although it lowered the'serotonin level in the pineal gland
(Deguchi and Barchas, 1972). This raises the question whether
the pineal tryptophan hydroxylase is different from the cere-
bral tryptophan hydroxylase. With the knowledge that p-CP 1is
an effective inhibitor of 5-hydroxyindole syﬁthesis, Engelman
et al. (1967) studied its therapeutic value on the treatment
of malignant carcinoid syndrome, a disease usually associated
with a metastatic 5-hydroxyindole producing tumor, and reported
an excellent effect on the diarrhea, a clinical characteristic
of the disease.

The transamination of ring-substituted phenylalanines has
been suggested to account for certain biological effects of
their keto acid analogues. The pressor responses in the cat
and rat caused by m-hydroxyphenylpyruvic acid was attributed
to a transamination to m-tyrosine followed by decarboxylation
to m-tyramine (Pogrund et al., 1961). A transamination re-
action was also postulated as an essential step for the con-
version of D-o-tyrosine to L-o-tyrosine (Petitclerc et al.,

1969b). However neither m-tyrosine nor o-tyrosine were found
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to be substrates for the purified hepatic tyrosine amino-
transferase (Canellakis and Cohen, 1956a) (Jacoby and La Du,
1964). The inhibitory effect of p-chlorophenylpyruvic acid
on tryptophan hydroxylase may also be due to a transamina-
tion to p-CP (Koe and Weissman, 1966) (Gal et al., 1970).
The in vitro transamination of p-CP has been demonstrated
with a partially purified rat brain aromatic amino acid
transaminase (Gal et al., 1970) and with a purified rat
liver mitochondrial tyrosine aminotransaminase (Miller and
Litwack, 1971). The transamination reaction will be ex-
.pected to become more important when a large concentration
of an aromatic amino acid is present, for example when used
as a chemotherapeutic drug, since this pathway competes with
the amine synthesizing system or the incorporation of the
amino acid into proteins.

The very interesting biological properties_of the above
aromatic amino acids, the lack of knowledge in their bio-
chemistry and the availability of their optically pure iso-
mers prompted us to do biochemical investigations along the
following lines:

(1) The origin of m-hydroxyphenyl compounds

(2) The hydroxylation of m~tyrosine

(3) The transamination of ring-substituted phenylalanines.

i
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The following is an account on the properties of phenyl-
alanine hydroxylase, tyrosine hydroxylase, and tyrosine amino-
transferase, the three best known enzymes responsible for the
hydroxylation and transamination of aromatic amino acids.

Phenylalanine Hydrbxylase (EC 1.14.3.1): The conversion

of the aromatic amino acid phenylalanine to tyrosine is one

of the ; best °~. studied aerobic hydroxylation reactions. The
reaction is believed to be first of all an obligatory step in
the catabolism of phenylalanine to COy and water, and secondly
it provides an endogenous source for the aromatic amino acid
‘tyrosine and indirectly for such tyrosine derived metabolites
as melanin, norepinephrine and epinephrine.

The conversion of phenylalanine to tyrosine was postu-
lated as early as 1901 by Neubauer (Neubauer, 1909). The
first in vitro demonstration of the enzymatic conversion of
phenylalanine to tyrosine was reported in 1913 (Embden and
Baldes, 1913) in liver perfused with phenylalanine. Evidence
for this éonversion in vivo was first demonstrated by Moss
andISchaenheimer in 1940 in rats by isolation of deuterium-
labelled tyrosine after similarly labelled phenylalanine had
been given.

Phenylalanine hydroxylase catalyzes the hydroxylation
of a variety of aromatic amino acids (Kaufman, 1962a). The

enzyme has been detected in the livers of all animals.
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Extracts of mouse kidney and pancreas are reported to have
comparable activity to that of mouse liver but no activity
could be found in any other tissue or organ (Tourian et al.,
1969).

The characterization of the phenylalanine hydroxylating
system began when Udenfriend and Cooper (1952) reported that
a soluble extract from rat liver could catalyze the hydroxy-
lation of phenylalanine to tyrosine in the presence of NAD+,
oxygen and an aldehyde or alcohol. Further studies showed
that the hydroxylating system was a complex one, involving
two proteins, a pyridine-nucleotide and oxygen (Mitoma, 1956)
(Kaufman, 1957). Sheep liver extract was found to be an ex-
cellent source for one of the proteins. Although lacking the
overall activity, the sheep liver extract could stimulate the
semi-purified preparation from rat liver. The two proteins
were referred to as the "rat-liver" and "sheep-liver" enzymes
(Kaufman, 1957).

Subsequent purification studies showed that a non-protein
co-factor from a boiled extract of rat liver which was not
NADPH was necessary for the hydroxylation reaction (Kaufman,
" 1958a). The co-factor was extensively purified from the
boiled rat liver extracts and chemical evidence suggested
the active compound might be a pteridine (Kaufman, 1958a;

1958b). Tetrahydrofolate was the first compound of this
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class to show co-factor activity. However, several synthetic
tetrahydropterins (Pterin is the trivial name for 2-amino-4-
hydfoxypteridine) e.g. 6-methyl- and 6,7-dimethyltetrahydro-
pterin were found to be considerably more active than tetra-
hydrofolate (Kaufman and Levenberg, 1959). These results
suggested that the natural co-factor might be tetrahydropterin
without a p-aminobenzoic acid side-chain. Also, it was found
that in the presence of the 6,7-dimethyltetrahydropterin,
NADPH and the "sheep-liver" enzyme were no longer necessary
for the hydroxylation of phenylalanine, although they did
stimulate the reaction (Kaufman, 1962b). Thus it was clear
that the "rat-liver" enzyme was the hydroxylase and that
NADPH and the "sheep-liver" enzyme catalyzed the reduction

of an unstable oxidized pterin intermediate back to the active
tetrahydro level. The oxidized pterin intermediate was iden-
tified as the quinonoid dihydropterin, and the "sheep-liver"
enzyme was referred to as the dihydropterin reductase (Kauf-
man, 196la) (Kaufman, 1964a).

The natural co-factor isolated from rat liver turned out
to be 7,8-dihydrobiopterin which must be reduced to the tetra-
hydro form for co-factor function by the dihydrofolate reduc-
tase (Kaufman, 1963; 1967), which was responsible for the

characteristic lag period of the hydroxylation of phenylalanine
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in the presence of the natural co-factor. Recently a new
protein factor called phenylalanine hydroxylase stimulator
(PHS) was isolated from rat-liver extracts (Kaufman, 1970).
It stimulates the rate of the hydroxylation reaction in the
presence of the natural‘co-faétor. The mechanism for this
stimulation is still not fully understood. Kaufman favored
the idea that PHS prevents the concentration dependent asso-
ciation of the hydroxylase to form(s) having low catalytic
activity. Kaufman and Fisher (1970) purified the rat liver
phenylalanine hydroxylase 400-fold and suggested that the
enzyme consists of two isozymes which differ in charge but
not molecular weight, and that each of the isozymes is cap-
able of existing as a monomer (mol. wt. = 51000-55000), a
dimer, and a tetramer. A model has been proposed for the
relationship between the different forms of phenylalanine
hydroxylase (Kaufman, 1970). According to this hypothesis
there is an equilibrium set up between the dimer and the
tetramer with the dimeric form having a higher specific ac-
tivity.

The mechanism of action of phenylalanine hydroxylase is
still not fully understood. Whether the enzyme is a metal-
loprotein is still not clear at this stage. Available evi-
dence indicates that the reaction proceeds through a quater-

nary complex involving enzyme, phenylalanine, oxygen, and
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tetrahydropterin (Storm and Kaufman, 1968) . A possible cati-
onoid intermediate of phenylalanine has been postulated (Xauf-

man, 1961b) (Guroff et al., 1967).

Tyrosine Hydroxylase (EC 1.14.3.a): Tyrosine hydroxylase
catalyzes the tetrahydropteriﬁ dependent conversion of tyrosine
to DOPA, the first step in the séquence of reactions leading to
norepinephrine synthesis in the adrenal medulla (Hagen, 1956)
(Goodall and Kirshner, 1957). The reaction is believed to be
the rate limiting step in the biosynthesis of catecholamines
(Levitt et al., 1965) (Udenfriend, 19(4). Thus this enzyme
is probably the most important enzyme for the regulatioﬁ of
. catecholamine biosynthesis, and yet relatively little is known
about this enzyme.

A'specific L-tyrosine hydroxylase from adrenal medulla
and brain different from tyrosinase was first demonstrated with
a cell-free system by Nagatsu et al., (1964). The enzyme showed
the requirement for a tetrahydropteridine, Fe2+, and oxygen.
The pH optimum of bovine medulla tyrosine hydroxylase is 6.0
compared to 6.8 of the liver phenylalanine hydroxylase. The
in vivo synthesis of DOPA from tyrosine in the adrenal gland
was demonstrated by Hempel and Mannl (1966). The participa-
tion of tetrahydropterin as a co-factor in the tyrosine hydro-

xylating system is thought to be the same as in the phenyl-
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alanine hydroxylating system (Brenneman and Kaufman, 1964)
(Kaufman, 1964b). Recently the natural pterin co-factor from
bovine adrenal medulla has been isolated and characterized.
The results show that it is similar to dihydrobiopterin, the
natural co-factor for phenylaianine hydroxylase in liver
(Lloyd and Weiner, 1971).

important as it is to the understanding of the regula-
tion of catecholamine synthesis, repofts on the subcellular
distribution pattern of tyrosine hydroxylase have beén rather
conflicting, It was reported that the enzyme activity was
found in the particulate fraction and that the enzymatic
activity associated with the 100,000 x g supernatant frac-
tion was considered to be due to solubilization by prolonged
homogenization (Nagatsu et al., 1964) (Petrack et al., 1968).
Contrary to this, there has been evidence indicating that the
enzyme is localized in the soluble fraction (Laduron and
Belpaire, 1968) (Musacchio, 1967; 1968). The matter was
reinvestigated by Wurzburger and Musacchio (1971). They
concluded that the enzyme is soluble . : and that "particle-
bound" tyrosine hydroxylase could be due to adsorption of
tyrosine hydroxylase to coarse particles during homogeniza-
tion and that this tendency is exaggerated in sucrose solu-

tion.
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The "particle bound" tyrosine hydroxylase has been par-
tially purified using tryptic (Petrack et al., 1971) or chy-
mothptic (Shiman et al., 1971) digestion as a solubilization
step. This solubilized enzyme was found to have similar pro¥
perties to the supernatantlenzyme (Petrack et al., 1968).
However, whether the solubilized'"particle bound" enzyme by
method of chymotryptic or tryptic digestion truly represents
the native tyrosine hydroxylase is still not clear. It was
suggested that the trypsin-treated tyrosine hydroxylase could
be only a fragment of the native enzyme (Musacchio et al.,
1971).

The stimulation of tyrosine hydroxylase activity by iron
salts has been reported constantly even though the mechanism
of this stimulation is not known (Nagatsu et al., 1964)
(Petrack et al., 1968). It has been suggested that this
is due to the ability of ferrous ions to decompose a peroxide-
mediated inactivation of the tetrahydropterin co-factor and
tyrosine hydroxylase, and that this stimulation could be re-
placed by the enzyme catalase. The source of this peroxide
formation could be generated from the non-enzymatic oxidation
of tetrahydropterins by oxygen (Shiman et al., 1971).

An interesting property of tyrosine hydroxylase is its

ability to catalyze the hydroxylation of phenylalanine to
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tyrosine (Ikeda et al., 1965; 1967). The hydroxylation of
4-pxitio-phenylalanine by phenylalanine or £yrosine hydroxy=-
lase showed the same characteristic migration of tritium to
the 3 position (Daly et al., 1968). Moreover phenylalanine
and tyrosine were hydroxylated at comparable rates in the
presence of the natural co-factor (Shiman et al., 1971).

The conversion of phenylalanine to tyrosine by tyrosine
hydroxylase indicates that liver is not the sole source

for tyrosine production.

Tyrosine Aminotransferase (EC 2.6.1.5): Tyrosine

aminotransferase (L-tyrosine: 2-oxoglutarate aminotrans-
ferase, EC 2.6.1.5) catalyzes the reversible transamina-
tion of tyrosine with a-ketoglutarate, the first step in

the major catabolic pathway for tyrosine. Tyrosine amino-
transferase was first purified and characterized by Canella-

kis and Cohen (1956a; 1956b) from a soluble extract of dog

liver. Apart from the liver, tyrosine aminotransferase acti-

vity was detected in the kidney, heart, (Wurtman and Larin,
1968) adrenals, brain (Lin and Knox, 1958), and thyroid
(Rivlin et al., 1962).

It was found that hepatic tyrosine aminotransferase
catalyzes the transamination of a number of aromatic amino

acids including phenylalanine, tryptophan, DOPA and 3-iodo-
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tyrosine (Jacoby and La Du, 1962; 1964). o-ketoglutarate
appears to be the only keto acid which accepts the amino
group of tyrosine. The enzyme has a pH optimum of 7.6.
Hepatic tyrosine aminotransferase, an inducible enzyme, can
be affected by a number of hormones : glucocorticoids (Ken-
ney, 1962), glucagon and insulin (Holten and Kenney, 1967),
cyclic 3',5'-AMP (Wicks et al., 1969), and indole amines
(Deguchi and Barchas, 1971). The exact mechanism responsible
for the stimulation of tyrosine aminotransferase activity

is controversial and has been the subject of intensive study
(Kenney, 1962), (Ray et al., 1964), (Tomkins et al., 1969).
The enzyme exhibits a diurnal rhythm which could possibly
result from hormonal, neural and metabolic influences (Wurt;
man and Axelrod, 1967).

Studies on a 2500-fold purified tyrosine aminotrans-
ferase from liver showed that the enzyme has a molecular
weight of about 115,000 and binds four moles of pyridoxal-
5'-phosphate per mole of protein (Valeriote et al., 1969).
Kinetic studies indicate a Ping Pong mechanism for tyrosine
aminotransferase similar to that found with other amino-

" transferases, but with the difference that the pyridoxal
phosphate co-enzyme can dissociate freely from the enzyme

(Litwack and Cleland, 1968).
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Recently there have been indications that isoenzymic
forms of hepatic tyrosine aminotransferase exist. By cop-
paring the transamination of tyrosine and 3-iodo-tyrosine
before and after induction with cortisol, Miller and Litwack
(1969a) suggested that ﬁhexe could be different forms of the
cytosol tyrosine aminotransferase. Disc gel electrophoresis
of liver tyrosine aminotransferase from normal and flu-
methasone-(a synthetic glucocorticoid) treated rats showed
very different electrophoretic patterns. Induction with
flumethasone showed five bands of enzymic activities where
only two were detected before treatment (Blake and Broner,
1970) . Another report indicated that four forms of the
hepatic tyrosine aminotransferase having different stimu-
lation responses to hormones could be identified by means
of hydroxylapatite chromatography (Iwasaki and Pitot, 1971).
The possible regulatory role of these isocenzymic forms of
tyrosine aminotransferase on the metabolism of tyrosine
still needs clarification.

Apart from the tyrosine aminotransferase found in the
soluble fraction there is yet another enzyme associated with
tyrosine transamination activity found in the mitochondrial
fraction. This enzyme is referred to as mitochondrial tyr-

osine aminotransferase. The liver mitochondrial tyrosine
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aminotransferase has been extensively purified. (Miller and
Litwack, 1971). It has a molecular weight of 90,000-114,000.
Substrate specificity and inhibitor studies on the purified
enzyme indicated that it is identical with the mitochondrial
aspartate aminotransferase. Unlike the cytosol enzyme the
mitochondrial enzyme can utilize oxaloacetate and pyruvate
as amino group acceptors besides o-ketoglutarate (Miller
and Litwack, 1969b). Although the liver mitochondrial enzyme
can be induced by cortisol the stimulation however is small
compared with the cytosol enzyme (Fellman et al., 1969).
The tyrosine aminotransferase of the brain was reported to
be different from that of the liver as it did not exhibit
diurnal variations and was not affected by hormones or -stress
(Fuller, 1970). This could be explained on the basis that
most of the tyrosine transamination activity in the brain is
associated with the mitochondrial fraction (Miller and Lit-
wack, 1969b) (Semba and Civen, 1970) (Mark et al., 1970).
Whether the transamination of aromatic amino aéids
is catalyzed by separate enzymes or by one enzyme exhibiting
group specificity with a preference toward tyrosine is still
not clear. It has been suggested that there might be three
separate aromatic aminotransferases in the rat brain (Fon-

num et al., 1964).
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The significance of the mitochondrial tyrosine amino-
transferase is still uncertain. It may make use of various
amino acids including tyrosine to regulate keto acids such

as pyruvate, oxaloacetate and o-ketoglutarate in the liver.
On the other hand it could zid in the conservation of aro-
matic amino acids in tissues such as the brain and thus
permitting aromatic keto-acids to act as precursors of the

corresponding biological amines.

{
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SECTION I
As ‘THE RESOLUTION OF RING-SUBSTITUTED PHENYLALANINE
iNTﬁODUCTION
Parkinsonism, a neurological disease characterized by

akinesia, rigidity, tremor and a low brain DOPamine level

is thought to be caused by the degeneration of the Subs-

tantia nigra (Sourkes and Poirier, 1966). The discovery
that L-DOPA is an effective chemotherapeutic drug for the
disease stimulated a search for methods of obtaining this
compound from natural sources (Enei et al., 1969) (Sih

et al., 1969) (Wysong; 1966) (Daxenbiéhier, 1971), since

no satisfactory resolution method was available for this
amino acid. Existing methods.for preparing optically active
ring-substituted phenylalanines are often unsatisfactory
especially when both forms are required in high purity and
good yield. The demoﬁstration in our laboratory that o-tyr-
osine could be resolved by the action of a-chymotrypsin

led us to apply this method to the resolution of DOPA and
other ring-substituted phenylalanines of biological interest
which are not readiiy accessible, namely o-tyrosine, m-tyro

sine, p-fluorophenylalanine, and p-chlorophenylalanine.
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MATERIALS AND METHODS

" Materials: DL-o-tyrosine and 3,4-dihydroxy-DL-phenyl-
alanine (DL-DOPA) were purchased from Mann Research Labora-
tories, Orangeburg, N.Y.; DL-m-tyrosine, from Koch-Light
Laboratories, Colnbrook, U.K.; DL-tyrosine, from General Bio-
chemicals, Chagrin Falls, Ohio; and p-chloro-DL-phenylalanine
(DL-p-CP) and p-fluoro-DL-phenylalanine (DL-p-FP) from Pierce

Chemical Co., Rockford, Ill. a-Chymotrypsin was the Worthing-

ton CDI product obtained from Winley-Morris Co., Montreal,
Que. It possessed an activity of 53 units/mg. Twice crystal-

lized L~amino acid oxidase from Crotalus adamanteus venom

was obtained from Sigma Biochemical Co. The aminex A-5 resin
(control No. 5028) was obtained from Bio Rad Laboratories,
Richmond, Calif. The automatic titrating system was a Radio-
meter pH-stat type ABUIa/TTTlla/PHM 28b. Amino acids were
determined with a Beckman model 120B amino acid analyzer.
Optical rotations were measured with a Perkin Elmer model
141 polarimeter using a l-dm tube.

Resolution of p-substituted DL-phenylalanines (Tyrosine,

p-FP, and p-CP): Hydrogen chloride (anhydrous) was bubbled
through a suspension of 0.5 g of the DL-amino acid in 30-50 ml

of absolute ethanol until a clear solution was obtained. The

N
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solution was placed in an ice-bath and introduction of HC1
continued for 10-15 min. The solution was then left at room
temperature protected with a drying tube (Drierite). Next
day, the solvent was evaporated off undér vacuum, and the
whole operatiou was repeated. Excess HCl was then removed by
repeating the evaporation three times after the addition of
ethanol (50 ml). The residue was dissolved in 15-20 ml of
water, the pH of the solution was adjusted to 5.0 with 0.2 M
LiOH. a-Chymotrypsin (Table 1) was added and the mixture was
incubated at room temperature for 30-90 min (Table 1), the
pH being kept constant by the automatic addition of 0.2 M
LiOH from the titrator. After the digestion, the mixture
was concentrated until crystals appeared, cooled for 1 h,
filtered, and the precipitate was washed with ethanol. The
L-isomer so obtained was recrystallized by dissolving in hot
water containing 2 ml of N HCl, filtering the solution thr-
ough Celite, and neutralizing to pH 5 with N LiOH,

The filtrate (containing the D-amino acid ethyl ester
and a small amount of free L-amino acid) obtained after re-
moval of the L-isomer was brought to pH 9.0 with 0.2 M LiOH,
saturated with NaCl, and extracted with ethyl acetate (3 x
50 ml). The combined extracts were dried over MgSO, and

filtered into ethyl acetate containing hydrogen chloride.
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The solvent was removed by evaporation. The residue was dis-
solved in 0.2 M LiOH (20 ml) to pH 12 and the solution was
kept at 45°C for 1 h. The solution was then adjusted to pH
5.0 with N HC1 and evapqrated to dryness. The residue was
triturated in hot ethanol. afier cooling at 4°C for several
hours, the mixture was filtered to give the D-isomer.

Resolution of DL-m-tyrosine: This was carried out essen-

tially as described above. The re-esterification step in this
case was found not to be necessary. After the chymotryptic
digestion, the reaction mixture was evaporated to dryness.
To the residue was added 50 ml of ethanol and the mixture
was kept at 4°C for 1 h. The L-m-tyrosine was filtered off,
washed with ethanol, and recrystallized as described for the
L-isomers of p-substituted phenylalanines. The ethanol fil-
trate, containing the D-m-tyrosine ethyl ester with a small
amount of L-m-tyrosine, was evaporated to dryness and the
residue was dissolved in 20 ml water. The D-m-tyrosine was
obtained as described above; extraction of the D-ester at
pH 9, saponification at pH 12, and isolation of the ﬁ—amino
acid at pH 5.

Resolution of DL-o-tyrosine: This was carried out as

for the m-tyrosine isomers except that the esterification

step was repeated as for the p-substituted derivatives. In
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addition, after saponification of the D-amino acid ester,
the L-isomer present due to the incomplete enzymatic reac-
tion was destroyed by digestion with L-amino acid oxidase.
For this purpose, 5 ml of N HCl and 3 ml of 10% NaHyPO4 were
added to bring the pH to 8.0 and the mixture was incubated
at 37°C for 24 h, with oxygen being bubbled through, in the

presence of 100 mg of Crotalus adamanteus L-amino acid oxi-

dase. Dowex 50 (H+) (2120 ml) was added, the suspension was
stirred for 20 min and filtered, the resin was washed with

water, and the amino acid then eluted from the resin with

500 ml of 3 N NH,O0H. The eluate was evaporated to dryness

ore o

several times after the addition of water, and the residue

was collected with the help of ethanol.

Resolution of DL-DOPA: DL-DOPA (4 g) was suspended in

absolute ethanol (240 ml) and hydrogen chloride was bubbled
through for 20 min. Next day, the clear solution was eva-
porated to dryness, and the evaporation was repeated after
the addition of ethanol (3 x 50 ml). The residue was dis-
solved in water (100 ml) and the pH was adjusted to 5.5
with sodium hydroxide. a-Chymotrypsin (140 mg) was added
and the mixture was incubated at room temperature while the
pH was being kept constant by the automatic addition of N

NaOH from the titratcr. The mixture was concentrated to
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about 50 ml and the crystalline L-DOPA was filtered off
after cooling the mixture for 1 h. The product was recrys-
tallized by dissolving in a slight excess of boiling N HCI,
filtering the solution (Celite), and neutralizing to pH 5.5
with sodium hydroxide. = =

The original mother liquor was brought to pH 9.0 and
extracted with ethyl acétate (3 x 100 ml). The combined ex-
tracts were dried MaS04) and filtered into 50 ml of ethyl
acetate containing hydrogen chloride. The solvent was removed
under vacuum and the residue was refluxed for 1 h in 120 ml
of N HC1l. The mixtufe was evaporated to dryness and the
evaporation was repeated after the addition of water (3 x
30 ml). The residue was dissolved in water (20 ml), the
solution adjusted to pH 5.5 with sodium hydroxide, and the
crystallized D-DOPA was filtered with the aid of ethanol.

Determination of optical purity of isomers: The optical

purity of the isomers was determined by chromatography of
their L-alanine dipeptides formed by reaction with L-alanine
N-carboxyanhydride according to the method of Manning and
Moore (1968) as used in our laboratory (Coggins and Benoiton,
1970). A 20-pmol sample was dissolved in 2 ml of ice-cold
0.45 M spdium borate buffer, pH 10.2, in a 100 x 10 mm pyrex

test-tube. L-Alanine N-carboxyanhydride in 2 x molar excess
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was quickly added and the tube was vigorously agitated on

a Vortex mixer at maximum speed for 2 min. In cases of phe-
nolic amino acids, 0.05 ml 10 N NaOH was added to the re-
action mixture which was left at 45°C for 30 min to hydrolyze
any phenolic esters. Theisolution was brought to pH 2 with

N HCl (1.5 ml) and filtered through Celite. For chromato-
graphic analysis, an aliquot corresponding to 2 umol of

amino acid was taken from the above solution, diluted with
half of its volume with 0.2 N sodium citrate buffer, pH 2.2,

and analyzed on the analyzer.
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' RESULTS

" The first step in the resolution procedures described
above was the conversiop of the DL-amino acids into their
ethyl esters by the classical HCl/ethanol method. The esteri-
fication step was repeated to ensure completeness of reac-
tion, except for m-tyrosine and DOPA for which it was found
to be unnecessary. All the amino acid ethyl esters thus ob-
tained were shown to contain no more than 0.1% free amino

acid except for o-tyrosine ethyl ester which contained 0.4%

P

of o-tyrosine.

s

After the removal of solvent and excess HCl by repeated

i
)
1
)

evaporation, the ethyl esters obtained were not crystallized
or isolated before subjection to chymotryptic digestion at
pH 5.0. In most cases the enzymatic digestion was complete
within 30 min as indicated by the alkali uptake from the
pH-stat, but a longer time was required for o-tyrosine and
p-CP.

The L-amino acids were obtained by crytallization from
the concentrated aqueous digests or by the precipitation
with ethanol when the amino acids were too soluble in salt
solution as with L-o-tyrosine and L-m-tyrosine. The D-amino

acids were obtained by saponification of their isolated
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ethyl esters, except for D-DOPA because of its instability

at alkali pH. D-DOPA was obtained by acid hydrolysis of its
ethyl ester. The yields obtained were between 60-80% for the
L-isomers and 50-70% for the D-isomers. The pertinent data

for the resolution of ring-substututed phenylalanines effected
by chymotryptic digestion on their racemic ethyl esters are
shown on Tables 1 and 2.

The identification and chemical purity of the products
was established by comparison with the racemic starting
materials by chromatography with a Beckman Model 120B amino
acid analyzer. All isomers gave essentially the same nin-
hydrin color constants as the starting materials (Table 2).

The optical purity of the isomers was established by
the method of Manning and Moore (1968), involving chroma-
tography on the amino acid analyzer of the dipeptides formed
by the reaction with L-alanine N-carboxyanhydride. The
elution conditions for the chromatographic separation of
the diastereoisomeric dipeptides were tested with sodium
citrate buffers, pH 4.25, 5.28 and 6.48, at flow rates of
34 ml/h and 68 ml/h. The optimum conditions for separation
are recorded in Table 2. All isomers except D-o-tyrosine
were shown to be at least 99.5% optically pure.

Two problems were encountered in the resolution of
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o-tyrosine. Firstly, the enzymatic hydrolysis of the racemic
o-tyrosine ethyl ester did not go to completion and hence
the D-isomer had to be purified by the destruction of the
remaining L-isomer with L-amino acid oxidase. The selective
destruction of the L-isomer of o-tyrosine by L-amino acid

oxidase from Crotalus adamantecus venom is shown on Table 3.

Secondly, the optical purity of D-o-tyrosine could not be
determined by the chromatographic method as used in the
other cases because : (a) the diastereoisomeric dipeptides
were not resolved when eluted with pH 4.25 buffer, (b)
L-alanyl-L-o-tyrosine overlapped with the o-tyrosine peak
when eluted with pH 5.28 buffer and (c¢) the L-alanyl-L-
o-tyrosine peak overlapped with some unidentified by-product

of the coupling reaction when eluted with pH 6.48 buffer.
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DISCUSSION

' The results presented in the foregoing pages described

a simple effective method for the preparation of both isomers
of ring-substituted pheﬂylaiauines by asymmetric hydrolysis
of their ethyl esters with o-chymotrypsin. It should be noted
that the method also provides a convenient source for the
D-esters starting from the racemic acid. Since all the ring-
substituted phenylalanine ethyl esters tested were found to
be substrates of a-chymotrypsin, the method should be of
general applicability for the resolution of other ring-subs-
tituted phenylalanines as well as other aromatic amino acids.

The experiments described above arose from the success-
ful resolution of g—tyrosine-2—14c (Petitclerc et al.,196%a).
During the study on the metabolism of o-tyrosine in our lab-
oratory (Petitclerc et al., 1969b), a small-scale resolution
of labelled DL-o-tyrosine was required. Since the resolution
of o-tyrosine had not been reported in the literature at
that time, all the resolution methods (Greenstein and Winitz,
1961) for obtaining aromatic amino acid isomers were con-
sidered. These included selective destruction of one of the
isomers of a racemate using L- or D-amino acid oxidase,

resolution of the racemate by the sterecospecific hydrolytic
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action of carboxypeptidase A on the O,N-diacylamino acid,
the stereospecific synthetic action of papain on the N-
substituted amino acid giving rise to a substituted.amide,
and fractional crystallization of the diastercoisomeric
salts from the N—acylamino acid and an optically active
organic base. However, each of these methods has its short-
comings and was judged not suitable for the rssolution of
o-tyrbsine. Later it was found that the resolution of L-o-

14C could be achieved by the action of o~chymo-

tyrosine-2-
trypsin on its ethyl ester (Petitclerc et al., 1969a). The
resolution method stems from the work of Brenner et al.
(1948) and Wretlind (1950). Brenner et al. have resolved
DL-tryptophan by the action of chymotrypsin on the methyl
ester, and Wretlind used an extract of pancreas powder to
resolve the isopropyl ester of DL-phenylalanine. The general
procedures of this method involve the action of an enzyme on
an N-unprotected amino acid ester to give the L;amino acid,
and extraction of the D-ester from the reaction mixture

with an organic solvent, followed by saponification or acid
hydrolysis to give the D-amino acid. Leucine (Warburg, 1906),
tyrosine (Abderhalden et al., 1923), and methionine (Brenner

and Kocher, 1949) have been partially resolved in a similar

manner using a crude pancreatic preparation. However, the

R -
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application of this method as a general resolution procedure
was considered to be of limited value (Greenstein and Winitz,
1961) , because of the spontaneous hydrolysis of the esters
(Wretlind, 1950) (Brenner et al., 1950) and the tendency of
some amino acid esters in the presence of chymotrypsin to
polymerize and form higher peptide esters under the condi-
tions employed (Brenner et.al., 1950). In our resolution
method described above, the enzvmatic digestion of the ra-
cemic ethyl esters was carried out at pH 5. By operating at
this pH we have eliminated the danger of spontaneous hydro-

lysis, and moreover have taken advantage of the higher rate

a‘.—-‘-._ ——————

which chymotrypsin exhibits towards phenylalanine esters

n
I
o

'}
)

i
i
"

(optimum pH, 6.0-6.2) below pH 7 than it does above this
pH (Purdie and Benoiton, 1970) (Goldenberg and Goldenberg,
1950) .

The resolution of gftyrosine-2—14c which prompted the

present investigation has been described by Petitclerc et

al., (1969a). Of the aromatic amino acids included in this
study, p-CP and DOPA have not previously been resolved.
Thus our resolution method has provided a convenient way of
obtaining the optical isomers of these two compounds of

. . *
significant biological interest. The resolution of m~-tyrosine

* Recently a patent application on the treatment of.Parkin-
sonism with L-m-tyrosine has appeared in the Chemical
abstracts : L-m-tyrosine was obtained from the regolu—
tion of N-phenyl-acetyl-(3-methoxyphenyl)-DL-alanine by
the action of an E. coli acylase (Bamberg and Sjoberg,
1971) .
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has been accomplished by fractional crystallization of the
brucine salts of N-formyl-m-tyrosine (Sealock et al., 1951).
Of the resulting amino acids, the levorotatory isomer was
shown to possess the L-configuration by means of the D-amino
acid oxidase and by thelLutz—Jirgenson's rule. Although a
direct comparison of the rotation data is not possible, our
assignment of confiqurations based on the susceptibility

of the L-isomer to chymotrypsin is consistent with that
reported (Sealock et al., 1951). p-FP has been resolved by
the synthetic action of papain in the conversion of the
acetyl-L-amino acid into the corresponding L-phenyl-hydra-
zide (Bennett and Niemann, 1950b). L-p-Fluorophenylalanine-
1-14¢ has been obtained by the hydrolytic action of car-
boxypeptidase A on the chloroacetyl derivative (Loftfield
and Eigner, 1966). The optical isomers of poPA** are avai-
lable by the resolution of N-acetyl-(3,4-diacetoxyphenyl)-
DL-alanine with brucine (Harrington and Randall, 1931) and
N-benzoyl- (3-hydroxy~4-methoxyphenyl) -DL-alanine with cin-

chonin (Vogler and Baumgartner, 1952), followed by removal

**¥Stimulated by the successful treatment of Parkinsonism
with L-DOPA, recently a number of patent applications on
the preparation of L-DOPA have appeared in the Chemical
Mbstracts: the resolution of N-acetyl-(3,4-dimethoxy-
phenyl) -DL-alanine with optically active bases has been
reported for the preparation of L-DOPA (Hever et al.,
1970) (Berenyi et al., 1971).

A v ——.
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of the alkaloids and subsequent hydrolysis. In both cases
the resolution step was performed on the precursors for the
chemical synthesis of DOPA. The present study provides the
first resolution starting from DOPA itself.,

It is generally acéepted that the specific substrates
of chymotrypsin are typically N-acylamino esters, amides,
and peptides and that replacement of the acylamino group by
acetoxy-, chloro-, or hydrogen leads to a decrease in the
rate of hydrolysis as well as a decrease in étereospeci-
ficity (Bender and Kezdy, 1965) (Cunningham, 1965) (Hol-
loway, 1968) (Ingles and Knowles, 1968). In a kinetic study
of o-chymotrypsin, Hein and Niemann (1961) stated- that the
replacement of an acylamino group by an aminc group "results
in a decrease in the rate of hydrolysis as well as a partial
loss of stereospecificity which normally favors the L-anti-
pode". The results presented here are at variance with this
statement, are consistent with the published kihetic data
on the interaction of o-chymotrypsin with phenylalanine
derivatives containing a free o—amino group from our lab-
oratory (Purdie and Benoiton, 1970) and amply demonstrate
that chymotrypsin is indeed stereospecific in its action

on N-unsubstituted aromatic amino acid esters.

e wema———T.
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B: LARGE SCALE PREPARATION OF L-m-TYROSINE

"The application of the above method to the large scale
resolution of ring-substituted phenylalanines was tested in
a large scale preparation of L-m-tyrosine. DL-m-tyrosine was
prepared by the method of Sealock et al. (1951)

EXPERIMENTAL

Materials: The following chemicals were obtained as

i
3
4
:
!
:
]
]
i
a

indicated.

e s e

Acetylglycine s.eveeveeveeessassssseassss (BDH)
m-Hydroxybenzaldehyde ..ovevvevoineeanes (Aldrich)
Sodium acetate, anhydrous s.eeesessesess. (BDH)
Hydriodic acid (57%) ceeevecerasnocncnnen (BDH)

Acetic anhydride ...vieeseesececseeseasss (BDH)

Acetic acid, glacial vevveeevsesseassasss (BDH)
Phosphorous red, amorphous «..eesesessos. (Fisher)
a~ChymOtYYPSiN sevevencssssanseassassssss (Worthington)

2-Methyl-4-(3'-acetoxybenzal) 5-oxazolone: 122 g (1 mol)

m-Hydroxybenzaldehyde, 117.2 g (1 mol) acetylglycine, 82 g

" (1 mol) anhydrous sodium acetate and 287 ml (3 mol) acetic
anhydride were mixed in a 2-litre flask. The nixture was
placed in a boiling water bath for 6 h with occasional swirl-
ing. The hot reaction mixture was transferred to a 2-litre

beaker and was allowed to cool slowly to room temperature.
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A solid dark brown mass was formed. 600 ml of water was
gradually worked into the solid mixture which was then kept
in the cold overnight. The product was filtered off, washed
well with 200 ml portions of ice-cold water, and dried well
over P05 under vacuum. The acetic odor which remained was
removed by washing the product again in 600 ml of water.

The yellow product obtained had a melting point of 115-117°,
and weighed 175-180 g, corresponding to yields of 69-71%.

DL-m~-tyrosine : A mixture of 98 g 2-methYl-4-(3'-acetoxy-

benzal) 5-oxazolone, 500 ml acetic acid, 500 ml hydriodic

acid, and 40 g red phosphorus was refluxed for 4 h. The hot

mixture was filtered through a medium grade sintered glass

!
hl
i

funnel and the filtrate was evaporated to dryness under
vacuum. A thick brown oil was obtained. This was again eva-
porated to dryness after the addition of water (2 x 200 ml).
After addition of 75 ml water, the residue was brought to
boiling and treated with charcoal and Celite. The hot solu-
tion was filtered through Celite on a sintered glass funnel.
The filtrate was cooled in ice, neutralized to pH 5.5 with
2 N LiOH and one volume of ethanol was added one hour later.
This was then stored in the cold for 3 days. The product
was filtered off and washed with ethanol. Infrared spec-

troscopy and amino acid analysis showed that the DL-m-tyr-
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osine cbtained was pure . This was used as starting mate-
rial for the enzymatic resolution. From different prepara-
tions, 35-40 g were obtained, corresponding to yields of
52-62%. In some cases of lower yields more product was ob-
tained by adding ethanol to the mother liquor and cooling
for another 7 davs.

DL-m-Tyrosine ethyl ester-HCl: 30 g DL-m~-tyrosine was

suspended in 1500 ml absolute ethanol in a 2-litre flask.
Hydrogen chloride (anhydrous) was bubbled through until the
suspension was clear (20-30 min). The hot solution was placed
in an ice-bath and the introduction of HCl was continued for
another 20 min. The solution was allowed to stand overnight
at room temperature. Next day, the solvent was removed by
evaporation under vacuum at 40°C and the excess HCl was re-
moved by repeating the evapération three times after the ad-
dition of 250 ml ethanol. At this stage the DL-m~-tyrosine
ethyl ester+HCl was a brown oil. The percentage of non-ester-
ified amino acid was usudly less than 0.1%. The racemic
ester-HCl was used without isolation.

Enzymatic hydrolysis of DL-m-tyrosine ethyl ester :

500 ml of water was added to the DL-m-tyrosine ethyl ester:
HCl obtained as described above and the nmixture was filtered

through Celite. After adjusting the solution to pH 5 with

S RIS SES

wRtanror o
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2.N LiOH, 800 mg a~chymotrypsin dissolved in 40 ml water was
added. The reaction was kept at pH 5 for 60-90 min at room
temperature. The reaction mixture was then evaporated Lo
near dryness under vacuum at 50°C (0.2-0.3 ml octanoic acid
was added to prevent foaming during evaporation) and 750 ml
ethanol was added to the residue. This was kept in the cold
for 3 h. The precipitate was filtered off, washed well with
ethanol, boiled in 150 ml N HC1 for 10 min and filtered hot

through Celite. The filtrate was cooled and adjusted to )

pH 5 with 2 N LiOH. L-m-tyrosine started to come out of

S )

solution. After cooling the solution for 30-60 min, 600 ml

|

ethanol was added. This was kept in the cold for 2 days.
The product was filtered off and washed with ethanol. From
different preparations 9-9.5 g were obtained corresponding
to yields of 60-63% (based on DL-m-tyrosine). Infrared
specﬁroscopy and amino acid analysis showed the product
was chemically pure. The optical purity was determined
according to the method of Manning and Moore (1968) and '
the product showed an optical purity of greater than 99.5%.
No difficulties were encountered in the above experiment
with respect to both the yield and optical purity of the
product. 70 g of L-m-tyrosine were prepared by the above pro-
cedure. Hence the resolution method is suitable for large

scale preparation purposes.
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SECTION II
A: SYNTHESIS OF O,N-DIMETHYL-m-TYROSINE AND O-METHYL-m-TYROSINE

These two compounds were synthesized to serve as stan-
dards in the studies on the metabolism of m-tyrosine. O,N-
Dimethyl-m-tyrosine was prepared by the method developed in
our laboratory for the synthesis of N-methylamino acids
(Coggins and Benoiton, 1971). O-Methyl-m-tyrosine was pre- y
pared by the method for the synthesis of O-methyl-tyrosine i

(Izumiya and Nagamatsu, 1952). gt
EXPERIMENTAL

Materials: Carbobenzoxy chloride was purchased from
Pierce Chemical Co.and dimethyl sulphate from Matheson Cole-
man and Bell Company Inc. Methyl iodide and formic acid
were obtained from Fisher Scientific Co. Tetrahydrofuran/
was the J.T. Baker product containing butylated hydroxy-
toluene as stabilizer. Sodium hydride, 50% dispersion in

o0il was purchased from BDH Chemicals.
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N-Carbobenzoxy-gftyrosine*: 18.1 g (0.1 mol) DL-m-tyr-

osine was dissolved in 4 N NaOH (25 ml) at 40°C with stir-
ring; The solution was chilled to 5°C and a total of 30 ml

4 N NaOH and 18.7 g (0.1l mol) carbobenzoxy chloride were
added alternately over a period of 30 min with vigorous
stirring and cooling in an ice-bath. The reaction mixture
was kept alkaline at all times with 4 N NaOH. Upon comple-
tion of reaction, the reaction mixture was extracted with
ether (2 x 20 ml) to remove the excess carbobenzoxy chloride.
The aqueous phase was chilled and slowly acidified with 5 N
HC1 to congo red. A thick oil resulted and was extracted into
ethyl acetate. The ethyl acetate extract was washed with

N HC1 and then with water, dried with anhydrous sodium sul-
fate, and evaporated under vacuum to give an oily residue.
24.6 g was obtained, corresponding to a yield of 78%.

N-Carbobenzoxy-0,N-dimethyl-m-tyrosine: To 10 g (0.032

mol) of N-carbobenzoxy-m-tyrosine was added 150 ml tetra-
hydrofuran, 15 ml (0.256 mol) MeI, and 5.2 ¢ (0.128 mol) NaH.
The mixture was refluxed at 80°C for 24 h. The solvent was
removed under vacuum, the evaporation was repeated after

the .addition of ether to remove excess MeI. The residue was

distributed between ether (100 ml) and water (25 ml). The

¥ The identification of the compounds was confirmed by
n.m.r. spectroscopy.

i
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ether layer was washed with water, dried (MgSO4), and eva-
porated to give two immiscible oils (one is the oil from
the sodium hydride dispersion).

0,N-Dimethyl-m-tyrosine methyl ester+HBr: To the sus-

pension of oils obtained as described above was added 50 ml
of 37% HBr in acetic acid and the mixture was left at room
temperature for 2 h. The mixture was evaporated to give an
0il which was dissolved in water (50 ml). The solution was
washed with ether (2 x 20 ml), and then evaporated to dry-

ness under vacuum.

0,N-Dimethyl-m-tyrosine*: To the residue obtained above

was added 100 ml 2 N HCl, and the mixture was refluxed for

3 h. After cooling the solution was filtered with the aid

of Celite. The filtrate was evaporated to dryness under
vacuum and the evaporation was repeated after the addition
"of water (2 x 25 ml). The residue was dissolved in 50 ml
water and neutralized to pH 6 with 2 N LiOH. The solution
was evaporated to dryness and 200 ml ethanol was added to
the residue. The product was filtered off and recrystallized
from ethanol/water. 2.5 g was obtained corresponding to a
yield of 37% based on N-carbobenzoxy-m-tyrosine. Anal. Calcd.
for CyiHigNO3: C, 63.14; H,7.26; N, 6.70. Found: C, 62.84;
H, 7.69; N, 6.63.

* The identification of the compounds was confirmed by
n.m.r. spectroscopy.
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N-Formyl-gftyrosine*: To a solution of 6 g (0.033 mol)

DL-m-tyrosine in 85% formic acid (75 ml) was added acetic
anhydride (22 ml) over a period of 30 min with stirring.

The reaction mixture was left at voom temperature. After

2 h, the solution was evaporated to dryness and the evapora-
tion was repeated after addition of water (3 x 20 ml). Ice-
cold N HCl was added to the residue to dissolve any unreact-
ed m-tyrosine. The product was filtered off and recrystal-
lized from water; yield 4.5 g (65%); m.p. 136;138°.

0-Methyl-N-formyl-m-tyrosine*: 3 g (0.014 mol) N-formyl-

m-tyrosine was dissolved in 4 N NaOH (7.5 ml). The solution
was placed in an ice-bath and a total of 5.6 ml of 4 N NaCOH
and 2.8 ml dimethyl sulfate were added alternately with
stirring. The reaction mixture was left at room temperature
and stirring continued for 2 h. The solution was then aci-
dified with 8 N HNO3. The crystalline product was collected:
yield 2.6 g (78% based on N-formyl-m-tyrosine) ; m.p. 146-
148°.

O-Methyl-@;tyrosine*: To 2.4 g (0.011 mol) O-methyl-N-

formyl-m-tyrosine was added 25 ml 3 N HCl and the mixture

was refluxed for 2 h. The solution was evaporated to dryness

%

The identification of the compounds was confirmed by
n.m.r. spectroscopy.
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under vacuum and the evaporation was repeated after the
addition of water (3 x 20 ml). The residue was dissolved in
a small amount of water, and the solution neutralized with
NH4OH. After cooling the crystals were collected and re-
crystallized from ethanol/water; yield 1.3 g (66% based on

O-methyl-N-formyl-m-tyrosine).
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B: THE METABOLISM OF m~TYROSINE IN VITRO

INTRODUCTION

(1) The formation of m-tyrosine from phenylalanine

The possibility that m-hydroxyphenyl compounds arise:
by a meta-hydroxylation of phenylalanine to m-tyrosine has
never been investigated in detail. para-Dehydroxylation of
3,4-dihydroxyphenylacetic acid by intestinal.micro-organ-
isme may account for the appearance of some m-hydroxyphenyl
acids in animals and human urine (DeEds et al., 1957)
(Sandler et al., 1969). However, this does no£ explain the
presence of m-tyramine which is believed to be of endogen-
ous origin (Kakimoto and Armstrong, 1962). Also, a m-
hydroxyphenylalkylamine, leptodactyline (m-hydroxyphenyl-
ethyltrimethylammonium), has been found in the skin of some
South Aﬁerican amphibians (Erspamer, 195?). The possibility
of para-dehydroxylation of DOPA or DOPamine to give m-tyr-
osine and m-tyramine has been suggested but has so far not
been demonstrated (Sandler et al., 1969)

(2) The hydroxylation of m-tyrosine

The biosynthetic pathway beginning with tyrosine for

the formation of the sympathetic neurotransmitter norepine-
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phrine and sympathetic hormone epinephrine was first sug-

gésted by (Blaschko (1939), and finally established with
the discovery of the enzyme tyrosine hydroxylase (Nagatsu,
et al., 1964). The para-hydroxylation activity of phenyl-
alanine hydroxylase and tyrosine hydroxylase was demons~
trated by their ability to catalyze the conversion of
phenylalanine to tyrosine (Udenfriend and Cooper, 1952)
(Ikeda et al., 1967). On the other hand, this activity
failed to effect the conversion of m-tyrosine to DOPA
(Kaufamn, 1962a) (Udenfriend, 1966), and hence m-tyrosine %
was rejected as a precursor for catecholamines. However, the é
increase in DOPamine excretion in rats after administration i
of m-tyrosine was claimed to be due to a direct conversion 3

(Sourkes et al., 1961).
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MATERIALS AND METHODS

“(1) Studies on the hydroxylation of phenylalanine

Compounds were purchased as follows: L-phenylalanine-l4c
uniformly labelled, 384 mCi/mmol (New England Nuclear), DL-

pora-2-14¢ and L-tyrosine-l4C (U) hydrochloride (Nuclear

Chicago) ,6,7-dimethyl-5,6,7,8-tetrahydropterine+HCl- 13H,0
(DMPH,) (Calbiochem), NADPH and a-methyl—DL-tfrosine (Sigma), !
and 3-iodo-L-tyrosine (Aldrich). DL-@nyrosine-2-14C was a g‘
product synthesized in our laboratory by Dr. S. Sharma. g
3-Bromo-4-hydroxybenzyloxyamino phosphate (NSD-1055) was g?
a gift from Smith and Nephew Research, Gilson Park, Harlow, |
U.K. Female Sprague-Dawley rats (150-165 g) killed by de-
capitation and fresh beef adrenals obtained locally were
used. ‘

Fresh beef adrenal medulla was homogenized in two volumes
of 0.32 M sucrose in a Servall Omni-mixer. The homogenate
was centrifuged at 1,000 x g for 10 min and the sediment was
discarded. Rat liver was homogehized in three volumes of
0.9% NaCl with a motor-driven teflon-pestle homogenizer
and the homogenate was centrifuged for 60 min at 22,000 x g.

Aliquots of the supernatant were used in the study on the
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enzymatic hydroxylation of L-phenylalanine. Protein con-
centrations, determined by the method of Lowry et al. (1951),
were 46-48mg/ml for the adrenal medulla homogenate and
30 mg/ml for the rat liver homogenate. Partially purified
tyrosine hydroxylase of beef adrenal medulla was prepared
from the 105,000 x g supernatant by ammonium sulfate (40%)
precipitation (Nagatsu et al., 1964)..The precipitate ob-
tained by centrifugation at 10,000 x g was dissolved in
0.005 M sodium phosphate buffer, pH 7.0, befoie use. The
protein concentration was 52 mg/ml. All steps were carried
out at 0-40C, |

The assay system contained the following components:
1 uCi of L-phenylalanine-14c (U), 2 umol each of DMPH, and
NSD-1055, 100 umol of mercaptoethanol, 0.2 ml of buffer
(N sodium citrate, pH 6.0, was used for the adrenal medulla
homogenate and N sodium phosphate, pH 7.0, was used for
the rat liver homogenate), and 0.5 ml of enzyme preparation.
The reaction mixture (final volume, 2 ml) was incubated at
379C in open flasks in a shaking water bath. The reaction
was terminated by the addition of 0.5 ml of 35% sulfosali-
cylic acid containing cold carriers 0.5 umol each of DOPA,
m-tyrosine and tyrosine. 0.5 ml of 0.2 N sodium citrate,

pH 2.2, was added and the denatured protein was removed by

e~
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centrifugation. 2 ml aliquots from the supernatant were
analyzed for phenylalanine hydroxylation products on a 50 x
0.9 cm column of AA-15 resin of a Beckman amino acid analy-
zer which was eluted with 0.2 N sodium citrate, pH 4.25,

at 57°C at a flow rate of 34 ml/h. The effluent from the
outlet of the column was passed through a Nuclear Chicago
model 4526 flow cell scintillation system. The amount of
radioactivity corresponding to each product (Fig.2) was ob-

tained by collecting the effluent from the column in 0.5 ml

273

fractions, adding 10 ml Biosolv scintillation mixture®, and

s e

- Praree s
L aych

counting with a Beckman liquid scintillation spectrometer

~

rrr e o
Fal E LT £

model LS-133. Counts were corrected for quenching and ex-

S
hy
E]

pressed'as d.p.m. A >95% recovery of radioactivity was ob-
tained with this procedure in a control experiment.The re-=
action blank consisted of the above reagents with boiled

enzyme or 0.32 M sucrose substituted for the enzyme solution.

(2) studies on the hydroxylation of m-tyrosine

L-Phenylalanine and L-tyrosine were purchased from Gen-
eral Biochemicals; DL-DOPA, D-phenylalanine, and D-tyrosine

from Mann Research Laboratories; 3-0-methy1-DOPA and

*Composition of Biosolv scintillation mixture: the mixture
contained 0.4% 2,5-diphenyloxazole and 10% (¥/v) Biosolv
BBS 3 (Beckman Instruments) in toluene.
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p-methoxyphenylalanine from Sigma Chemical Co; and S-adeno-
syl-L-methionine-methyl-14c (52.3 mCi/mmol) from New Eng-
land Nuclear Co. L- and D-isomers of m-tyrosine and o-tyr-
osine were obtained by resolution of their racemic ethyl
esters using o-chymotrypsin. O,N-Dimethyl-m-tyrosine and
3-0-methyl-m-tyrosine were synthesized as described in
section IIA (page 54). The sources of other materials used
have been described previously (page 61). Protein was de-

termined by an automated biuret method (Lane and Mavrides,

PR R g,
AL ST LGT

SREHIED 4
-l

1969) .

Rat liver was homogenized in three volumes of 0.9% NaCl
and centrifuged at 22,000 x g for 60 min. Beef adrenal me-
dulla was homogenized in one volume of 0.25 M sucrose and
centrifuged at 1,000 x g for 15 min. Aliquots of the super-
natants”® were used for the subsequent enzymatic assays. The
rat liver 22,000 x g supernatant was fractionated with
ethanol and ammonium sulfate to give a semi-purified pre-
paration of phenylalanine hydroxylase'by the method of
Kaufman (1962a), purification was carried out up to the
first ammonium sulfate fractionation step of his method.

The precipitates* of the 10-21% ethanol fraction and the

20~25% ammonium sulfate fraction were dissolved in

For the rat liver preparations, the protein concentrations
were as follows: 22,000 x g supernatant, 29.2 mg/ml;
10-21%ethanol precipitate, 30 mg/ml; 20-25% ammonium
sulfate precipitate, 5.4 mg/ml,
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0.033 M Tris buffer, pH 6.8, before use. The 1,000 x g beef
adrenal medulla supernatant was centrifuged at 105,000 x g
for 45 min. The high speed supernatant was fractionated with
ammonium sulfate (40%) to give a semi-purified tyrosine hy-
droxylase as previously described (page 62). The particles®
precipitated by high spéed,centrifugation were‘resuSpended
in 0.005 M sodium phosphate buffer, pH 7.0, before use. Rat
brain was homogenized in four volumes of 0.25 M sucrose.

The enzyme assay mixture for the rat livef preparations
consisted of 2 umol each of substrate, NADPH, DMPH,, and

NSD-1055, 100 umol of mercaptoethanol, 0.5 ml enzyme pre-

s Y

paration and 0.2 ml N sodium phosphate, pH 7.0, in a final

|
:
q
§
\

volume of 2.0 ml. Assay conditions for the beef adrenal
medulla preparations were the same as above except that the
digests contained 0.5 umol FeS0, and the buffer was N sod-
ium citrate, pH 6.0. Incubations were carried out at 37°C.
The reaction was terminated by the addition of 0.5 ml sulfo-
salicylic acid. 0.5 ml of 0.2 N sodium citrate, pH 2.2, was
added. After the removal of the precipitated protein by cen-
trifugation, 1 ml aliquots of the supernatant were analyzed

with a Beckman amino acid analyzer.

For the beef adrenal medulla preparations, the protein

concentrations were as follows: 1,000 x g supernatant,

56 mg/ml; 105,000 x g particles, 73.6 mg/ml; 40% ammon-
ium sulfate precipitate of the 105,000 x g supernatant,
55 mg/ml.
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It has been shown that catechols are O-methylated by
catechol-O-methyltransferase with S-adenosylmethionine ser-
ving as the methyl donor (Pellerin and D'Iorio, 1958) (Axel-
rod and Tomchick, 1958). Thus when monophenols are incubated
with an enzyme preparation containing an aromatic hydroxy-
lase and a catechol-o-methyltrahsferase together with S- |
adenosylmethionine-methy1-14c, any catechol formed enzyma-
tically will be methylated, thus giving radioactive products.
A radioactive assay method for the studies oh the hydroxy-
lation of m-tyrosine was established by making use of the
biochemical property of DOPA in the formation of 3-0-methyl-

. DOPA. The radioactive assay mixture contained the following:

L IEIIL P LRI
e il

0.5 uCi of S-adenosyl-L—methionine-methyl-14C, 4 umol sub-
strate, 2 umol NSD-1055, 20 umol MgClz, 0.2 ml of 0.5 M
sodium phosﬁhate buffer pH, 8.0 and 0.5 ml rat liver homo-
genate, in a final volume of 1.7 ml. The assay mixture was
modified for the studies with rat brain homogehate as follows:
0.2ml aliquot of rat brain homogenate was incubated with

0.2 ml of 0.28 M sodium phosphate buffer, pH 6.2, 7.0, or

8.0 (containing 0.6 wmol DMPH,, 0.12 umol mercaptoethanol,

and 2.0 umol substrate) and 0.2 ml radioactive S-adenosyl-
methionine solution (containing 0.6 umol NSD-1055, 6 umol

MgClz, and 0.5 uCi of S-adenosyl—L-methionine-methy1-140).
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Incubations were carried out at 37°C. The reaction was stopped
by the addition of 0.4 ml sulfosalicylic acid and the final
volume was adjusted to 2.5 ml by the addition of 0.2 N sodium
citrate, pH 2.2. After the removal of the precipitated pro-
tein, 0.5-1.0 ml aliquots of the supernatant were analyzed

on a 1§ cm Aminex A-5 resin column of a Beckman amino acid
analyzer coupled to a Nuclear Chicago flow cell assembly

model 4526. The amount of radioactivity corresponding to the
é-o-methyl-DOPA fractions (Fig., 3) was countéd in a Beckman
scintillation counter model LS-133 as previouély described

(page 63).
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RESULTS

Hydroxylation of phenylalanine by beef adrenal medulla

Three radioactive products were formed on incubation of
L-phenylalanine-l4c with a beef adrenal medulla homogenate
(Fig. 1). The radioactive products were identified as DOPA,
m-tyrosine, and tyrosine by co-chromatography with authentic
labelled compounds using an amino acid analyzer coupled to
a flow cell scintillation system (Table 4). Héwever, this

system does not separate o-tyrosine from phenylalanine

s

therefore any o-tyrosine that might have been formed was

&
;
i
e
|
;

not detected. The order of emergence of the pertinent amino
acids was consistent with that observed with the ninhydrin
system.

A time study on the hydroxylation of phenyLélanine by
beef adrenal medulla homogenate in the presence of a pteri-
dine co-factor (DMPH,) and the DOPA decarboxylase inhibitor
NSD-1055 is shown in Fig. 2. The initial rate of formation
of m-tyrosine was about 15% of that of tyrosine. The amount
of m-tyrosine and tyrosine levelled off after 60 min and the
amount of DOPA remained constant after 90 min at a level

equal to twice that of tyrosine.
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The formation of the three hydroxylation products of
phenylalanine identified was dependent on the presence of
éte;idine co-factor. In Table 5 are shown the results for
30 min incubations of modifying the standard incubation mix-
ture used. In the absence of DMPH 4, the formation of m~
tyrosine, tyrosine, and DOPA was reduced by 96%, 92.3% and
99.8% respectivelyﬂ ihat the reduction of DOPA was more
prominent could be explained on the basis that its formation
is dependent on the availability of tyrésine as well as DMPH 4.
Addition of ferrous ions or NADPH did nct stimulate the hydro-

xylation reactions. The reduction in the formation of DOPA

prd
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and m-tyrosine but not tyrosine in the absence of the DOPA
decarboxylase inhibitor NSD-1055 could be explained by the
fact that these two compounds are susceptible to the action
of DOPA decarboxylase. With the addition of the tyrosine
hydroxylase inhibitors o-methyltyrosine or 3-iodotyrosine at
a concentrafion of 10'3 M, the hydroxylation of phenylalanine
was completely prevented.

The hydroxylation of phenylalanine by beef adrenal medulla
was compared with the well known non-enzymatic hydroxylation
of phenylalanine mediated by tetrahydropterin in the presence
of ferrous ion. Incubations were as descfibed under Materials

and Methods with the addition of 0.5 umol ferrous ion (as
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~ ferrous su;fate). The results are presented in Table 6. It

is seen that the non-enzymatic hydroxylation of phenylalanine
could not account for more than 5% of the m-tyrosine nor for

more than 1% of the other products formed during the first

90 min of incubation.

The possibility that the m-tyrosine present in the incu-
bation mixture could have come from a para-dehydroxylation
reaction of DOPA instead of a direct hydroxylation of phenyl-
alanine was investigated. From an incubation identical to
the standard assay system except that the substrate L-phenyl-
alanine-14C was substituted by pL-DoPA-2-14¢ (0.1 uCi), neither
the formation of m-tyrosine nor tyrosine was observed indicat-
ing that the labelled m-tyrosine appearing in the digests con-

140 could not have come from DOPA.

taining L-phenylalanine-
Similar experiments were carried out using rat liver
homogenate. Under conditions where phenylalanine hydroxylase
was shown to be active, no conversion of L-phenylalanine-l4c
to m-tyrosine nor to DOPA could be detected even though our

method would have been able to detect the conversion of as

little as 0.2% of phenylalanine.

A Wi, AN Adlis E3ANLILT
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Table 4

Elution times of 14c atiino acids from
the Beckman amino acid analyzer

0.9 x 50 cm AA-15 resin, 57°,
eluted with 0.20 N sodium
citrate (pH 4.25, 34 ml/h)

]
|
Me-amino acid Elution time (min) ’
) )
- :
m~Tyrosine 115.5
Tyrosine 127.3
Phenylalanine : ' 140.0
The 14C amino acids were detected by the flow cell

scintillation system as described under Materials
and Methods.
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Table 5

Effect of various substances on the hydroxylation of
L-phenylalanine-l4c by beef adrenal medulla homogenate?

Modification accounted for as
to digest

ngyrosine Tyrosine DOPA

!
Radioactivity (d.p.m./mg protein) %é

!

|

i

- 864 4370 5981
+NADPHP 823 4312 5925
spedtc 831 4409 6203
-NSD-1055 580 4080 3170
-DMPH , 34 335 13
+a-Methyl-DL-tyrosine 12 29 6
+3-Iodo-L-tyrosine , 14 61 11

aincubations were as described in Materials and Methods
(page 62), for 30 minutes

b2 umol.

.5 umol FeSO4.
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Figure 1

Chromatographic separation of the products from the incuba-
tion of L-phenylalanine-l4c (U) with beef adrenal medulla.

mi

Phe Tyr DOPA

S
= ;
>  Digest ;E
- !
2 m-Tyr j
0 |
I STAVA S

m —

Boiled enzyme

blank

150 140 130 120 110 100
ELUTION TIME(min)

2-ml of a supernatant from a 30 min digest (Materials and
Methods) (page 63) was placed on a 50 x 0.9 cm column of
AA-15 resin of a Beckman amino acid analyger which was eluted
with 0.2 N sodium citrate, pH 4.25, at 57°C at a flow rate

of 34:ml/h. The dotted line indicates the time of elution

of o-tyrosine with this system.




- 175 -

Figure 2

Hydroxylation of L—phenylalanine-l4c by beef adrenal medulla.
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Assay conditions were as described
in Materials and Methods (page 62).
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Hydroxylatioﬁ of L-m-tyrosine by rat liver

.Initial studies showed that when L-m-tyrosine was incu-
bated with rat liver homogenate in the presence of the DOPA
decarboxylase inhibitor NSD-1055 and a pteridine co-factor
(DMPH,) , @ new amino acid was formed which was indistinguish-
able from DOPA when chromatographed on the amino acid analy-
zer using the three systems described in Table 7. That the
new amino acid formed from L—mftyrosine was DOPA was con-
firmed by observation of its fluorescence spectrum and paper
chrqmatography. A 2ml.aligquot of a 3 h incubation was chroma-
tographed on the analyzer using system B (Table 7) with the
column effluent being directed into a fraction collector.
Fractions were collected at 3-min intervals. m-Tyrosine was
found in fractions 35-38 and the new amino acid in fractions
31-34, The fluorescence spectrum of fraction 37 (activation
max at 280 nm; emission max at 305 nm) was identical with
that of an authentic sample of mftyrosine; The f£luorescence
spectrum of fraction 33 was jdentical with that of an au-
thentic sample of DOPA (activation max at 285 nm; emission
max at 320 nm) (Fig. 4; 5). Fraction 33 was extracted with
N HCl-saturated n-butanol and was then chromatographed on

Whatman No. 1 paper. Descending chromatography was carried
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out at room temperature for 24 h using as solvent n-butanol-
acetic acid- water (78:5:17) (Lissitzky and Roques, 1957).
After drying, the chromatogram was developed with ninhydrin
or diazotized sulfanilic acid. The new amino acid coincided
 with DOPA in this system which is reported to separate the
2,3-, 2,5-, and 3,4-isomers of dihydroxyphenylalanine (Lis-
sitzky and Roques, 1957). No DOPA could be detected when
L-m-tyrosine was incubated with rat brain homogenate.

The rate of hydroxylation of L-m-tyrosine in the form-

ation of DOPA by rat liver homogenate was compared with the

,.;2_;,. U7

rate of formation of tyrosine from phenylalanine by the
same preparation (Fig. 6). The initial rate of hydroxylation !
of L-m-tyrosine was approximately 25% of that of phenylala-
nine.

In Table 8 are shown the results on the hydroxylation of
. L-m~-tyrosine by partially purified preparations of rat liver
phenylalanine hydroxylase and some other experiménts. The
conversion of L-m-tyrosine to DOPA by rat liver homogenate
could be carried out by the semi-purified preparations of
phenylalanine hydroxylase. Upon purification of the enzyme,
the reaction, like the hydroxylation of its normal substrate
phenylalanine to tyrosine, became absolutely dependent on the

presence of the reduced pteridine co-factor (DMPH4). Also it
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was observed that the DOPA decarboxylase inhibitor NSD-1055
was unnecessary in experiments with phenylalanine hydroxylase
purified through the first ammonium sulfate step. No DOPA
was tetected in control experiments with boiled enzyme or
with the D-isomer of m-tyrosine. The presence of D-m~tyrosine
did not affect the formation of DOPA from L-m-tyrosine. No

hydroxylation product was detected when L-o-tyrosine was

tested as a substrate for the rat liver homoggnate or with
the partially purified phenylalanine hydroxylase. | |
The conversion of L-m-tyrosine to DOPA by rat liver was ;EE
further confirmed by the radioactive assay method as des- 1%'
ctibed in Materials and Methods. When L-értyrosine was incu- d
bated with rat liver homogenate in the presence of S-adenosyl-
L-methionine-methyl-l4c and NSD-1055, a new radioactive pro-
duct was detected in the reaction mixture (Fig. 7). The ra-
diocactive product was identified as 3-O-methyl-DOPA from its

elution time and by co-chromatography with an enzyme assay

containing L-DOPA in place of L-m-tyrosine. A small amount: Gf
3-0-methy1-DOPA was also detected from an incubation mixture
with L-tyrosine. This is probably due to a small amount of
tyrosine hydroxylase present in the rat liver homogenate. No
meihylation product was found with phenylalanine and o-tyr-

osine (Table 9). The presence of magnesium ion stimulated
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the reaction as this metal ion is required for the acfivity
of catechol~0O-methyltransferase. It should be noted that no
synthetic pteridine co-factor (DMPH4) was added in the above
radioactive assay method. The radioactive assay method was
extended to the study of the hydroxylation of L-m-tyrosine

by rat brain homogenate. Incubations were carried out in the
presence of DMPH, and tested at three different pH's. However,
no hydroxylation product from L-m-tyrosine or L-tyrosine

~could be detected by this assay method (Table 10).
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Table 9

The formation of 3-O-methyl-DOPA from
L-m-tyrosine by rat liver homogenate?

3-0-methyl-DOPA

Radioactivity

Substrate (10'2 X d.p.m./mg protein)

- : 4.43
L-m-tyrosine 57.10
L-m-tyrosine (-Mgz+) 7.43
D-m-tyrosine 4.56
L-tyrosine 9.21
D-tyrosine 4,27
L-o-tyrosine 4.50
D-o-tyrosine 4,23
L-phenylalanine 4,87
D-phenylalanine 4,77

2 pssay conditions were as describe@ in Materials
and Methods (page 66), for 120 min.




-83..

Table 10

The formation of 3-O-methyl-DOPA by rat brain homogenate?

3-0-methyl-DOPA
Radioactivity d.p.m. x lOf'2

Substrate
pH 6.2 pH 7.0 - pH 8.0
- 11.21 11.18 11.65
L-DOPA 426,24 522.95 567.57
L-tyrosine 11.62 10.49 11.76
L-m-tyrosine 10,73 11.52 10.98

2 Incubation of S-adenosyl-L-methionine-methy1-14C
with rat brain in the presence of aromatic amino
acids. Assay conditions were as described in
Materials and Methods (page 66), for 120 min.
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Figure 4

Fluorometric identification of DOPA from the
incubation of L-m-tyrosine with rat liver.

Emission (activation at 285 nm; emission at 320 nm)
profile of the effluent from a 50 x 0.9 cm AA-15 resin
column eluted with 0.2 N sodium citrate, pH 4.25, at

a flow rate of 34 ml/h of a 3~h incubation of m-tyrosine
with rat liver. ( L-m-tyrosine; - - - D-m-tyrosine)
Incubation conditions were as described in Materials and
Methods.

Fluorescence spectra of fractions 33 and 37.
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Figure 5

Fluorescence spectra of authentic
sample of DOPA and m-tyrosine .
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Figure 6

Formation of DOPA from L-m-tyrosine, and
tyrosine from L-phenylalanine by rat liver homogenate.

O
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ol @ |
232 o %5
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Assay conditions were as described in Materials
and Methods (page 65).
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Figure 7

Chromatography of a 2 h incubation of m-tyrosine with

rat livir in the presence of S-adenosyl-L-methionine-
methy1-14c

(A) I-isomer (B) D-isomer. Incubation conditions were
as described in Materials and Methods.
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Hydroxylation of L-m-tyrosine by beef adrenal medulla

[

- Similar experiments on the hydroxylation of mrﬁyroéine
were carried out with beef adrenal medulla. When L-m-tyrosine
was incubated with a beef adrenal medulla homogenate in the
presence of DMPH, and NSD-1055, DOPA appeared in the medium
in amounts significantly greater than that which originated
from endogenous substrate (Fig. 8). The initial rate of
hydroxylation of L-m-tyrosine to DOPA was appfbximately 60%

of that of L-tyrosine.

aIracwm

In Table 8 are shown the results on the conversion of

~e g

L-m-tyrosine to DOPA by different enzyme preparations of
beef. adrenal medulla. It is seen that the reaction was de-
pendent on the presence of DMPH,. In contrast to the rat
liver homogenate, an appreciable amount of DOPA was formed
when L-m-tyrosine was incubated with beef adrenal medulla

homogenate in the absence of the DOPA decarboxylase inhibi-

tor NSD-1055. The formation of DOPA from L-m~tyrosine and
tyrosine by beef adrenal homogenate could be carried out by
- the semi-purified preparation of tyrosine hydroxylase and
the particles precipitated by high speed centrifugation.
The amount of DOPA detected when D-m-tyrosine was-added as

: substrafe was not greater than that detected in control
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experiments in the absence of added substrate. As in the
studies with rat liver the presence of D-m-tyrosine did not
affect the formation of DOPA from L-m-tyrosine, nor was a

new amino acid detected when L-o-tyrosine was the substrate.
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Figure 8

Formation of DOPA from L-m~-tyrosine and
L-tyrosine by beef adrenal medulla homogenate.

L-tyrosine
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e
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TIME (min)

Incubation conditions and analytical methods were -as described
under Materials and Methods (page 65).




- 92 -

DISCUSSION

" It is well established that phenylalanine is converted
into tyrosine by phenylalaniné hydroxylase of liver (Uden-
friend and Cooper, 1952) (Kaufman, 1962a), and into tyrosine
and DOPA by tyrosine hydroxylase of brain and adrenals (Ikeda
et al., 1965; 1967). Our results from the studies on the
hydroxylation of phenylalanine showed that m-tyrosine was
also present in a beef adrenal system carryingvout the con-
version of L-phenylalanine into tyrosine and DOPA. From
carefully controlled experiments we demonstrated that nei-
ther the well known non-enzymatic hydroxylation of phenyl~-
alanine (Hamilton et al., 1964) (Bobst .and Viscontini, 1966)
kViscontini and Mattern, 1970) (Coulson et al., 1970) nor
the proposed Eg;gfdehydroxylation of DOPA (DeEds et al, 1957)
(Sandler eé al., 1969) could account for the appearence of
m-tyrosine. Our conclusion is that the labelled m-tyrosine
was formed directly from L-pnenylalanine by beef adrenals.

| In the presence of o-methyltyrosine and 3-iodotyrosine
which are specfic inhibitors of tyrosine hydroxylase (Ikeda
et al., 1967) at a concentration of 10~3 M, the hydroxyla-

tion reactions of L-phenylalanine was completely inhibited.

Moreover, the same three hydroxylation products of phenyl-

I
H
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alanine were observed using a semi-purified preparation of
beef adrenal tyrosine hydroxylase. The logical inference

is that the hydroxylating réaction of phenylalanine to
m-tyrosine and tyrosine were catalyzed by the same enzyme.
If this is accepted, it removes the apparent incongruity.
(Ikeda et al., 1967) that tyrosine hydroxylase oxidizes
tyrosine at the meta-position and phenylalahine exclusively
at the para-position.

The occurrence of m-hydroxyphenyl. acids in'animal and
human urine has been known for some time (Lederer and Polon-
sky, 1948) (Bray et al., 1950) (Armstrong et al., 1956a;
1956b) Also, mftyramine has been reported as a normal cons-
tituent of human urine (Jepson et al., 1960) (Perry et al.,
1962) (Kakimoto and Atmstrong, 1962) (Perry and Schroeder,
1963) (Coward et al., 1964). Our results provide an explan-
ation for the appearance of these mrhydroxyphenyl}compounds.
The possibility that phenylalanine could give rise to m-tyr-
osine hés been considered before (Jepson et al., 1960) (Ikeda
et al., 1967) but was not explored in depth.

It has been shown that the hydroxylation of phenylala-
nine by rat liver phenylalanine hydroxylase occurs exclusive-
ly at the para-position. Our observation that no m-tyrosine

was formed from phenylalanine in rat liver agrees with the

|
|
I
i
!
.
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results of experiments using partially purifiéd rat liver
phenylalanine hydroxylase (Mitoma, 1956), though the forma-
tion of m-tyramine as a diréct product of the hydroxylation
of phenylalanine by liver preparations has been reported
(Coulson et al., 1968).

The possibility of a gg;gfhydroxylaﬁion reaction of
m~-tyrosine to give DOPA has been considered in order to ex-
plain the similarities in the pharmacological effects of
DOPA and m-tyrosine (Pogrund et al., 1961) (Biaschko and
Chrusciel, 1960) and to account for the conversion of m-
tyrosine to DOPamine (Sourkes et al., 1961). However, it
was reported that m-tyrosine was neither a substrate for
the rat liver'phenyialanine hydroxylase (Kaufman, 1962a)
nor a substrate for the beef adrenal tyrosine hydroxylase
(Nagatsu et al., 1964), and m-tyrosine has been rejected as
an intermediate in-the formation of DOPA from phenyalanine
partly on this basis (Ikeda et al., 1967)

Based on the results from the studies on the hydroxy-
lation of m-tyrosine, we concluded that L-m-tyrosine can be
converted to DOPA by both rat liver and beef adrenals, and
that the well known tyrosine hydroxylase and phenylalanine
hydroxylase are likely to be responsible for the reaction.

Such a transformation has been effected by a soluble, cell-
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free preparation from Bacillus cereus and Bacillus thuring-

iensis (Aronson and Vickers, 1965) however, it has never
been. shown to take place in a mammalian system.

As in the case of phenylalaning hydroxylase and tyr-
osine hydroxylase, the conversion of'L-gftyrosine to DOPA
.requires the presence of a_tetrahydropteridine co-factor.
The formation of an appreciable amount of DOPA from m-tyr-
osine by the crude rat liver and beef adrenal homogenates
in the absence of the synthetic pteridine co-factor (DMPH 4)
indicatés that the naturally occurring co-factor (tetra-
hydrobiopterin) (Kaufman, 1963) can act as the co-enzyme

for this reaction.

 That we could not detect the conversion of m-tyrosine
to DOPA by rat brain could be accounted for on the basis
that the assay methods used were not sensitive enough to

measure the brain tyrosine hydroxylase activity. Thus the

possibility that brain tyrosine hydroxylase couid'carry out
such a reaction cannot be excluded.

It is generally acéepted that catecholamines are formed
in adrenals and brain as a result of hydroxylation of phenyl-
alanine in the para-position to give tyrosine, followed by
a meta-hydroxylation to DOPA and subsequent dgcarboxylation

to DOPamine (Meister, 1965a). The conversion of phenylalanine
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to DOPA by way of the same reactions in the alternative
sequence, that is beginning with the férmation of m-tyrosine,
has never been shown. Our demonstration of the conversion of
phenylalanine to m-tyrosine by beef adrenals and the conver-
sion of m-tyrosine to DOPA by both beef adrenals and rat
liver suggests that the alternative biosynthetic route to

the catecholamines may indeed be operative in animals.

-.rrx\-.;mr-—v‘—e:m*n'l-"—w‘
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SECTION III

THE EFFECTS IN VIVO OF L- AND D-p-CHLOROPHENYLALANINE ON THE
AROMATIC HYDROXYLATING ACTIVITY OF RAT LIVER.

The pharmacological and behavioral effects of p-chloro-
phenylalanine (p-CP) are believed to be mediated through its
potent depleting action on brain serotonin. Administpation:of
p-CP caused a long-lasting irreversible inhibition.of the
liver phenylalanine and the brain tryptophan hydrbxylases
(Guroff, 1969) (Jequier et al., 1967). The mechanism of inhi-
bition of these two hydroxylases is still not clear. More-
over with one exception (Koe and Weissman, 1966), all the
studies have been carried out using DL-p-CP; therefore the
stere};)chemical requirements associated with its biochemical
and behavioral effects remain unknown. With the availability
of the D- and L-isomers of p-CP from our resolution method
we decided to investigate the effects of D- and L-p-CP on
the two hydroxylation reactions described in the prgvibus‘
section namely,.the conversion of phenylalanine to tyrosine,

and m-tyrosine to DOPA by rat liver.
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MATERIALS AND METHODS

~-ihe optical isomers of p-CP were obtained by enzymatic
resolution as previously described (page 33). Uniformly
Ueoyabelled L-tyrosine (367 mCi/mmol) was purchased from
New England Nuclear Co. Sources for other materials have
already been given (page 61).

Female Sprague-Dawley rats (80 g) were injected intra-
peritoneally with a suspension of p-CP (180 mé/kg) in 0.9%
saline (1 ml). At the times indicated, the animals were de-
capitated, livers were hémoggnized in three volumes of 0.9%
séline. The homogenaﬁes were centrifuged at 22,000 x g for
60 min and the supernatant fluids were assayed for enzymatic
activity on the hydroxylation of L-phenylalanine and L-m-
tyrosine as previously described (page 65), and for protein

- content (Lowry et al., 1951). For the assay of the tyrosine
hydroxylase activity of rat brain and adrenals,.the animals
received 369 mg/kg of p-CP, and the tissues were homogenized
in 0.25 M sucrose. The eﬁzymatic activity was determined by
measuring the radioactivity of the DOPA formed from L-tyr-
osine-14C. The reaction mixture contained the following
componeﬁts: 0.5 uCi of L—tyrosine~14c, 1.0 umol DMPH,, 0.3

umol NSD-1055, 12 umol of mercaptoethanol, 0.14 ml of buffer

j
!
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(0.5 N sodium phosphate pH 6.2 was used for the brain homo-~
genate and 0.5 N sodium citrate pH 6.2 was used for the
adreﬁal homogenate), and 0.2 ml of crude homogenate (brain
at 100 mg tissue/ml; adrenal at 25 mg tissue/ml), in a final
volume of 0.8 ml. The mixtures were incubated for 1 h with
'shaking at 37°C. The reaction was'stopped by the addition of
0.2 ml 35% sulfosalicylic acid. 1 ml of 0.2.N sodium citrate,
pH 2.2, was added and the precipitated protein was removed
by centrifugation. 1 ml aliquots of the supernatant were
analyzed for radioactive DOPA as previouly described (page

63). Boiled tissues served as controls.
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RESULTS | |

- The effects of a single dose of D-'or L-p-CP on the rat
liver phenylalanine hydroxylase activity are shown in Fig.9.
It is seen that both isomers of p-CP lowéred the enzyme ac-
tivity to the same extent, down to about 15% of untreated
animals after 24 h, and the activity_rising‘back to about
60% after 48 h. Results on the hydroxylating activity of the ?
same tissues towards L-m-tyrosine are shown in Fig. 10. It

is seen that the rate of conversion of L-m-tyrosine to DOPA

was inhibited by p-CP in the same manner as was observed on

TUHWURLT RIINVTT

the hydroxylation of phenylalanine to tyrosine, that is to
the same extent, as well as equally, by the two isomers. In
both hydroxylation reactions, racemic p~CP produced the same
inhibitory effects as those produced by either of the isomers.,
In these experiments, the concentration of p-CP ultimately
appearing in the assay medium was about 3x 10'5 M. In a

control experiment, it was shown that under the conditions .of

|
!
1
1
i
|
|
|
i

the assay, p-CP at a concentration of 1073 M inhibited the
enzyme by less than 6%. The effect of p~CP on the tyrosine
hydroxylase of rat brain and adrenals is shown in Table 1l.
Animals receiving twice the dose of p-CP showed no change in

their brain and adrenal tyrosine hydroxylase activities. For
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these experiments, three animals were sacrificed 12 h and
24 h after the injection, and one animals was killed after
three consecti&e injections at 24-h intervals. The phenyl-
alanine levels in the tissues of these animal. were much
higher (100-300%) than in those of untreated animals (Table
11). This is a strong indication that the phenylalanine hy-

droxylase activity had indeed been inhibited.
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DISCUSSION

" The objecti?es of this study were to investigate the
effects in vivo of the optical isomers of p-CP on the hydro-
Xylation reactions of rat liver described in the previous
séction, namely the hydroxylations of phenylalanine and
m-tyrosine.

It has been shown that the administration: of;p-CP.mark-
edly inhibits the hepatic phenylalanine ﬁydroiylase (Koe and
Weissman, 1966), and the cerebral trthophan hydroxylase
(Lﬁvenberg et al., 1967), but has no inhibitory effect on
the cerebral tyrosine hydroxylase (Kog and Wéissman, 1966) .
Furthermore, this in vivo inhibition of phenylalanine hydro-
xylase and tryptophan hydroxylase was found to be irrever-
sible and the enzyme activities remained-low fox a period:of
four to five days.(Jequier et al., 1967) (Guroff, 1969). The
parallelism between the serotonin content and tryptophan
hydroxylase activity in the brain has been taken as evidence
that the potent depleting action of p-CP on brain serotonin
is caused by the inhibition of serotonin synthesis, at the
level of tryptophan hydroxylase (Jequier et al., 1967).

The present study has shown that p-CP in vivo inhibits

the conversion of L-gftyrosihé to DOPA as well as the con-

~oFanis HAINWY
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version of phenylalanine to tyrdsine by rat liver. Our re-
sults have also'showﬁ that the inhibition of these two aro--
matic hydroxylation reactions is unaffected by steric dif-
ferences in the p-CP. If p-CP inhibits the cerebral trypto-
phan hydroxylase in the same manner as we have shown for
phenyalanine hydroxylase, (that is by both isomers) this
phenomenon could account for the decrease in the serotonin
levels of rat brain caused by D- and L-p-CP (koe and Weissman,
1966) . The behavioral effects of p-CP are generally assumed
to be mediated through its effects on the brain serotonin,
If this is true, they should be unaffected by steric dif-
ferences in the p-CP. It should now be possible to establish
if steric considerations are involved in the behavioral
effects of E;CP.

The failure of p-CP to inhibit the tyrosine hydroxylase
activity of brain and adrenals was consistent with the re-
sults reported previously for brain (Koe and Weiééman, 1966)
(Gal et al., 1970).

Very little is known about the exact mechanism of enzy-
me inactivation by p-CP in vivo. The in vitro inhibition of
tryptophan hydroxylase by p-CP has been described as compe-
titive with substrate (Jequier et al., 1967) and this inhi-

bition can be reversed by the addition of a reduced pteridine
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co-factor (DMPH,) (Koe, 1967). On the other hand p-CP causes’
irreversible inactivationvof thevenzymevig_gigg which cannot
be reversed by the addition of DMPH4. The inhibitory effect
of p-CP on phenylalanine hydroxylase in vivo is not reversed
by dialysis (Lipton et al., 1967) or by the addition of DMPH,
(Koe, 1967) and could be p;olonged by the administration of
ihhibitors of protein synthesis (Guroff, 1969). Whether p-CP
or a metabolite thereof, is responsible for the observed
in vivo effects of p-CP is not known. It has been observed
that p-chlorophenylpyruvic acid in vivo is equally as active
as p-CP (Koe and Weissman, 1966). Gal et al. (1970) have
suggested that the inhibitory gffect of p-chlorophenylpyruvic
acid is solely due to its transamination to p-CP. Recently,
it has been proposed that the mechanism of inhibition of
aromatic hydroxylases in vivo by p~CP could be due to the
incorporation of p-CP at an enzymatic site essential for
their activity (Gal and Millar, 1971). However ahy mechanism
proposed to explain the action of p-CP must reconcile these
results with the apparently identical effects produced by
the two optical isomers of p-CP. Oxidation of the D-isomer
to the keto analoque, coupled with fransamination of the |
product to the L-isomer, could account for the latter.

In the previous section we have demonstrated the con-

version of L-m-tyrosine to DOPA by rat liver and beef adrenals.
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The fact that the reaction requires a pteridine co-factor
and that m-tyrosine hydroxylating activity is present in
partially purified preparations of tyrosine hydroxylase and
phenylalanine hydroxylase, has lead us to suggest that these
two aromatic amino acid hydroxylases could be the enzymes
responsible. The nonstereo-dependent inhibition of the hydro-
xylation of both phenylalanine and m-tyrosine by p-CP obser-
ved here, offers further evidence that it is not necessary

to invoke the presence of a new enzyme to account for the

conversion of m-tyrosine to DOPA by rat liver.
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SECTION IV
THE AWAKENING EFFECT OF L-m-TYROSINE ON RESERPINE-TREATED MICE
INTRODUCTION

The depletion of catecholamines and serotonin from brain
and from peripheral sites in animals by reserpine has been
well established (Carlsson et al., 1957a) (Plétscher‘et al.,
1955) . The tranquilizing effect of reserpine is thought to
be due to its depleting action on the catecholamine stores
in the brain. Carlsson et al. (1957b) have shown that DOPA
can antagoni;en the sedative action of reserpine while
5-hydr6xytryptophan QOes not. The awakeniné.effect of some
ring-substituted phenylalanines on reserpine-treated mice has
been investigated by Blaschko and Chrusciel (1960). They show-
ed that 2,3- and 2,5-dihydroxyphenylalanine and'D?DOPA did
not have any awakening action on reserpine-treated animals.
However, when m-tyrosine was administered to reserpine-treated
animals, they observed an awakéning effect similar to that
of L-DOPA. The availability of the optical isomers of m-tyr
osine prompted us to investigate the effects of D- and L-

n-tyrosine on reserpine-treated mice.
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MATERIALS AND METHODS

"The plan of the experiﬁents was similar to that of
éarlsson et al. (1957b). Female Swiss mice (10-12 g) in
groups of four were injected intraperitongally with reser-
pine ffom Nutritional Biochemicals Corp (30 mg/kg). After
17 h, when the animals were markedly tranquilized ana showed
complete eyelid ptosis, 0.5 ml of amino acid (Table 12)
suspended in 0.2% ascorbic acid was administefed intraperi-
toneally. The amino acids used were obtained as previously

described (page 35).
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RESULTS AND DISCUSSION

. The effects of the tyrosine analogues on the sedative
action of reserpine are given in Table 12. The awakening
effect of L-m-tyrosine in these experiments confirms the
observations of Blaschko and Chrusciel (1§60). The response
of reserpine-treated mice to L-m-tyrosine was essentially
the same as observed for L-DOPA, except that the beginning
of the effect was a bit later and that the hyperactivity
developed by the animals was..less pronounced. Within 15-30
min after a dose of 300-1000 mg/kg of L-m-tyrosine the eye-
lids opened and the animals resumed normal activity.. This
was followed by a period of hyperactivity during which the
animals were more active than normal. The animals gradually
returned to the tranquilized state after approximately 3 h.
D-m-tyrosine at a dose of 500 mg/kg did not have any awaken-
ing action.on the reserpine-treated animals. Also the.D-
or L-isomers of tyrosine and o-tyrosine (500 mg/kg) had no
awakening effect.

While some workers believe that the antagonistic action
of L-DOPA on reserpine-treated animalé is due to the increasg
in the 3,4-dihydroxyphenylethylamine (DOPamine) level in the
brain (Everett and Wiegand, 1962) (Blaschko and Chrusciel,

1960), the mechanism responsible for the awakening effect of

;
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m-tyrosine is not clear. Blaschko and Chrusciel (1960). sug-
gested that the anti-reserpine action of m-tyrosine could
be effected either by its conversion to DOPamine or to m-
tyramine. The experiments here do not permit us to disting-
uish between the two alternatives. However, our results in
section IIB (page b59) provides an explanation for the‘con-
version of m-tyrosine to DOPamine. That D-m-tyrosine did not
produce any awakening action is not at variance with the
idea that the active agent could be an amine derived from 
m-tyrosine.

The earliest trials of DOPA for the treatment of Par-
kinsonism (Barbeau et al., 1962) (Birkmayer and Hornykie-
wicz, 1962) were motivated by the following reasons: (a)
DOPamine may act as an independent neurdtransmitter rather
than as a precursor of norepinephrine (Carlsson, 1959); (b)
DOPamine levels in patients with Parkinsonism were signi-
ficantly lower than normal (Ehringer and Hornykiewicz 1966);
(c) administration of DOPA would replenish the concentration
of DOPamine and favour restoration of function. Whether
DOPamine is indeed the anti-Parkinsonism agent was recently
questioned by Sourkes (1970) . The depleting action of re-
serpine on the catecholamine stores in brain induces a state

of rigidity and akinesia in animals which is similar to that
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observed in human Parkinsonism. Thus reserpine is a useful
tool in the study of éxperimental Parkinsonism, and chemicals
which can overcome the actions of reserpine may be of value
in the treatment for Parkinsonism. Our demonstrations:-¢f’the
conversion of L-m-tyrosine to DOPA by rat liver and beef
adrenals and that only the L-isomer of gf£yrosine is effec-
tive in reversing the tranquilized state in reserpine-treated
mice have induced us to suggest consideration of L-m~tyrosine
for the treatment of Parkinsonism. During theAcourse of this
work, Sandler et al. (1971) also suggested the possibility

of using m-tyrosine for the treatment of Parkinsonism. Their
proposal was based on the observation of an increased ex-
cretion level of m-tyramine in Parkinson patents treated
with L-DOPA. Since then, there have appeareé in Chemical
Abstracts two patent applications on the treatment of
Parkinsonism with m-tyrosine (Bamberg and Sjoberg, 1971)

and m-tyrosine alkyl esters (Carlsson et al., 1§7i). Whether
L-m-tyrosine will be proven to be an effective drug for

Parkinsonism remains to be seen.
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Table 12

Reversal of the tranquilizing effect of
reserpine by L-m-tyrosine?

Time (min)
Amino acid Dose of maximum® when effect of return to
administered (mg/kg) effect begins to tranquilized
wear off state
L-DOPA 500 30-60 120 180
L~-DOPA 1000 30-60 150 210
L-Tyr 500 no awakening effect
D-Tyr 500 no awakening effect
L-m-Tyr 500 60-90 90 150
L-m-Tyr 500 60-90 | 120 180
L-n-Tyr 1000 60-90 150 210
D-m-Tyr 500 no awakening effect
L-o-TyrC 500 no awakening effect
D-o-Tyrd 500 no awakening effect

Groups of 4 female Swiss mice (10-12 g) were injected intra-
peritoneally with reserpine (30 mg/kg; suspended in 0.2% ascorbic
acid), and 17 h later, with 0.5 ml of amino acid (suspended in
0.2% ascorbic acid).

Indicates complete awakening, with hyperactivity. The effec? of
L-m-tyrosine was identical with that of L-DOPA, but not as vigorous.

C  Convulsions observed between 30-120 min; ptosis persisted.

d fThree animals died after 90 min.
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SECTION V
THE TRANSAMINATION OF RING-SUBSTITUTED PHENYLALANINES
INTRODUCTION

The reversible reaction of transamination is essential
for the catabolism of amino acids as well as for their bio-
synthesis. It is generally accepted that the first step in
the degradation of D-amino acids is their deamination by
D-amino acid oxidase (Meister, 1965b). The asymmetric re-
amination of the a-keto acid formed, to the L-amino acid
can account for their biological actions and some pf their
metabolites which are otherwise limited to the L-isomer.
Such a re-amination reaction could possibly involve trans-
amination. Aminotransferases may therefore play a part in
fhe conversion of D- to Lrisbmers..Thé susceptibiiity of
ring~-substituted phenylalanines to traﬁsamination is impor-
tant because several of them are of biological interest.
However, information of the transamination reaction of these

amino acids is incomplete.
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MATERIALS AND METHODS

"2-Oxoglutaric acid (a-ketoglutaric acid), oxaloacetic
acid, sodium pyruvate, and pyridoxal 5'-phosphate were pur-
chased from Sigma Chemical Co. L-Tyrosine was obtained from
Nutritional Biochemicals Corp. Sodium a-ketoglutarate-5-l4c
(17.5 mCi/mmol) , and glutamic-l4c (U) acid (10 mCi/mmol)
were purchased from Nuclear Chicago. The optical isomers of
p-chlorophenylalanine (p-CP), p-fluorophenylalanine (p-FP),
o-tyrosine, and Qrtyfosine were obtained by resolution of
their racemic ethyl esters using chymotrypsin (page 32).

Sprague-Dawley female rats (150-165 g) were fasted for
16 h and killed by decapitation. The livers were removed
and homogenized in three volumes of 0.25 M sucrose using a
motor-driven teflon-pestle glass homogenizer. The homogenate
was centrifuged at 600 x g for 10 min to remove pell debris
and nuclei, and the mitochondria were then collected by cen-
trifugation at 15,000 x g for 15 min. Thg post-mitochondrial
fraction was centrifuged at 27,000 x g for one hour. The
supernatant was fractionated with ammonium sulfate according to
Jacoby and La Du (1964). The cytosol tyrosine aminotransferase
refers to that fraction precipitating between 40% and 60%

saturation. The mitochondrial tyrosine aminotransferase was
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prepared essentially és described by Miller and Litwack
(1971). The mitochondria were washed twice with 0.25 M su-
crose, suspended in 0.1 M sodium phosphate buffer pH 7.6
containing 0.01 M pyridoxal 5'-phosphate and 0.1 mM a-keto-
glutarate and the suspension was stored at -20°C for 48 h.
After allowing the preparation to thaw, it was homogenized
in a Waring Blendor for 2 min, centrifuged at 27,000 x g
for 20 min and the supernatant fluid was fractionated with

ammonium sulfate. The precipitate separating out at 30%

saturation was discarded and the fraction precipitating at
70% saturation was collected. Bo£h the .cytosol and mito- %
chondrial enzymes were suspendea in 0.01 M sodium phosphate |
buffer, pH 7.6, and dialyzed overnight against 500 volumes

of 0.01 M sodium phosphate buffer, pH 7.6, containing 0.01 mM

pyridoxal 5'-phosphate and 0.1 mM a~ketoglutarate to remove

most of the endogenous free amino acids. The diglyzed samples

were lyophilized, stored frozen and redissolved in 0.1 M

sodium phosphate buffer, pH 7.6, immediately before use.

Protein concentration was determined by the method of Lowry

et al. (1951). Protein concentrations of the enzyme prepara-

tions varied from 12-15 mg/ml for the cytosql enzyme and

3-6 mg/ml for the mitochondrial enzyme.

0.2 ml aliquots of the enzymes were assayed at 37%,
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with 0.5 ml 0.1 M sodium phosphate buffer, pH 7.6, 0.1 umol
pyridoxal'S'-phosphate, 30 ﬁmol keto acids (o-ketoglutarate,
oxaloacetate, pyruvate), and 6 ﬁmol aromatic amino acid in

a total volume of 2.1 ml. The reaction was stopped with 0.4
ml 35% sulfosalicylic acid. After the addition of 0.5 ml of
0.2 N sodium citrate buffer, pH 2.2, the precipitated protein
was removed by centrifugation and 0.5 ml of the supernatant
was analyzed for the product amino acid (glutamate, aspartate,
and alanine) using the 15 cm Aminex A-5 resin column of a
model 120 B Beckman amino acid analyzer eluted with 0.2 N
sodium citrate, pH 3.28, at a flow rate of 34 ml/h (Lane and
Mavrides, 1971) (Table 13).

For confirming the activities towards L-o-tyrosine and
L-m-tyrosine, the following radiochemical assay was also used.
This assay method is based on the conversion of a-ketogluta-
rate-14c to glutamate-14c. The .reaction mixture pontaining
0.3 ml 0.1 M sodium phosphate buffer, pH 7.6, 12 umol of
o-ketoglutarate, 0.1 umol pyridoxal 5'-phosphate and 0.2 ml
of enzyme preparation was preincubated at 37°C for 15 min.
The reaction was started with the addition of 6 umol of
aromatic amino acid and 1.0 ﬁCi a-ketogluta;ate-14c. The
final volume of the incubation mixture was 1.5 ml. After

incubation at 37°C for various time intervals, the reactions

H
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|
i
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were terminated by the addition of 0.5 ml of 35% sulfosali-
dylic acid and 0.5 ml of 0.2 N sodium citrate, pH 2.2, was
added. The mixture was centrifuged. 0.5 ml aliquots of the
supernatant were analyzed for radioactive glutamate using
the amino acid analyzer system described above, without
ninhydrin, coupled to a Nuclear Chicago scintillation flow-
cell assembly no. 4526. The identification of the radio-
active product as glutamate was confirmed by co-chromatogra-
phy with the labelled standard. The efflgent from the column
after passing through the scintillation flow-cell éystem was
collected in 0.5 ml fractions. The fractions corresponding
to g1utamate-14c were counted in 10% Biosolv scintillation
mixture (page 63). Control experiments contained no added

aromatic amino acid.
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RESULTS

"The transamination reactions of m-tyrosine, o-tyrosine,
p~CP and p-FP with a-ketoglutarate, oxaloacetate, and pyruvate
serving as amino group acceptors were investigatgd. In Table
14 are shown the results for the traﬁsamination of the various
aromatic amino acids by both the cytosol and mitochoﬂdrial
tyrosine aminotransferases of rat liver. With the cytosol
enzyme, only L-tyrosine was transaminated in éignifiéant
amounts utilizing o-ketoglutarate as the amino group accep-
tor. The results for all other substrate combinations were
so low that they could be attributed to contamination by the
mitochondrial enzyme (Miller and Litwack, 1969b). On ‘the
other hand, the mitochondrial enzyme was active on the five
L-am@no acid isomers utilizing each of the three keto acids
as amino group acceptor. Except for o-tyrosine as substrate,
the relative efficiency of the keto acid acceptors was about
0.17 : 0.60 : 1 in the order pyruvate : oxaloacetate : o-keto-
glutarate. Progress curves for the reactions with o-keto-
glutarate as amino group acceptor are shown in Fig: 1ll. Com~-
paring the initial rates of the transamination reactions
with a-ketoglutarate, m-tyrosine, p-CP, and p-FP were trans-
aminated at rates of 26.4, 19.3, and 15.6% of that for tyr-

osine, respectively.
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The very low but apparently significant results on the
transamination of L-o-tyrosine by the mitochondrial enzyme
was further investigated using labelled a-ketoglutarate as
the keto acid. By measuring the formation of labelled glu-
tamate, a very definite transamination of L-o-tyrosine by
the mitochondrial enzyme was demonstrated (Fig. 12), the
initial rate being 3} that for L-tyrosine. In Table 15 are
shown the results on the transamination of o-tyrosine and
m-tyrosine using the radioactive assay method; The results
confirmed the resistance to transamination of the D-isomers
of m-tyrosine and thyrosine by either enzyme, and the trans-
amination of the L-isomers of m-tyrosine and o-tyrosine by
the mitochondrial enzyme. The very small amount of activity
associated with the cytosol enzyme in the transamination of
L-m-tyrosine and L-o-tyrosine could be attributed to cross

contamination by the mitochondrial enzyme.
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Table 13

Elution times and constants of aspartate, glutamate
and alanine from the Beckman amino acid analyzer

0.9 x°15 cm Aminex A-5
resin, 57, eluted with 0.20 N
sodium citrate
' (pH 3.28, 34 ml/h)

Amino acid Elution time Constant®
(min)
Aspartate 35 36.6
Glutamate 41 A0.0
Alanine 53 40.0

3peak height times width divided by concentration
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Table 15

Formation of labeliid glutamate from
o~ketoglutarate-5--%C and tyrosines.

Labelled.glgzamate formed
. (dep.m. x 10 “/mg protein)?

Substrate Soluble ehzyme Mitochondrial enzyme
- 0.4 1.7
L-Tyrosine 88.9 280
L-m-Tyrosine 1.4 6.6
L-o-Tyrosine 0.5 o 9.4
D-Tyrosine 0.4 1.9
D-m-Tyrosine 0.4 1.8
D-o-Tyrosine - 0.4 , 2.0

8T ncubations were as described in Materials and Methods,
for 2 h.
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Figure 11

Transamination of ring-substituted phenylalanines
with a-ketoglutarate by the partially purified
mitochondrial tyrosine aminotransferase.
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Assay conditions were as described in Materials and
Methods, (page 117).
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Figure 12

Transamination of L-o-tyrosine with o-ketoglutarate
" by the partially purified mitochondrial tyrosine

aminotransferase.
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Incubation conditions and analytical methods were
as described in Materials and Methods s (page 118).
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DISCUSSION

“The data obtained indicate that m-tyrosine, o-tyrosine
p~FP, and p-CP are resistant to the action of the cytosol
tyrosine aminotransferase of rat liver. However, the tréns-
amination of these aromatic amino acids can be effected by
the mitochondrial tyrosine aminotransferase, adding a pro-
perty to the metabolic role of this enzyme. Throughout this
section, we have used the expediency of referring to the aro-
matic amino acid transaminating activity of the mitochondrial
fraction used as deriving from mitochondrial tyrosine amino-
transferase or the mitochondrial enzyme. The actual existence

of an aminotransferase for aromatic amino acids distinct from

" aspartate aminotransferase (EC 2.6.1.1) and alanine amino-

transferase (EC 2.6.1.2) in the mitochondria has been called
into question. Miller and Litwack (1971) have extensively
purified the tyrosine aminotransferase of rat liver mitochon-
dria, and have found that aspartate is by far its best subs-
trate, that its activity towards tyroéine is completely block-
ed by aspartate, andvthat it can be precipitated by antibodies
specific to aspartate aminoLransferases. Our results shed no
light on this question, but are compatiblé with either view.

The experiments described in this section were initiated
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as part of a étudy investigating the biochemistry of m-
tyrosinef m-Hydroxyphenylpyruvic acid has been isolated
from the urine of guinea pigs given m-tyrosine (Flatow,
1910). Also in a study on the metabolism of m~hydroxy-
phenylpyruvic and 3,4-dihydroxyphenylpyruvic acids, }éogrund
et al. (1961) demonstrated the in vivo transamination of
these two keto acids to m-tyrosine and DOPA. It has beén
reported that cytosol tyrosine aminotransferase can trans-
aminate DOPA (Canellakis and Cohen, l956a) (Jacoby and La
Du, 1964) (Fellman and Roth, 1971). However, the demons~
tration of the transamination of m-tyrosine in vitro has
been negative (Canellakis and Cohen, 1956a) (Jacoby and
La Du, 1964). Our results on the‘transamination of m-
tyrosine by the mitochondrial enzyme can now provide an
explanation for the in vivo findings.

In the study on the metabolism of o-tyrosine from
our laboratory, the oxidation of D-o~tyrosine by D-amino
acid oxidase to o-hydroxyphenylpyruvic acid, followed by
the asymmetric transamination of the keto acid to the L-
isomer has been pfoposed to account for the appearance of
o-tyramine in the urine of rats injected with D-o-tyrosine
(Petitclexc et al., 19§9b). The low buf definite activity
observed using the radiochemical assay for the transamina-

tion of ‘L-o-tyrosine by the mitochondrial enzyme establishes

5
]
|
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the feasibiliﬁy of this proposal. The resistance of L-o-
tyrosine to the action of the cytosol enzyme is consistent
wigh the observation of Jacoby and La Du'(1964) that DL-
o-tyrosine was not a substrate for the 500-fold purified
cytosol tyrosine aminotransferase.

R-FP has been reported to be transaminated at a rate
of 7.9% of that for tyrosine by the cytosol tyrosine amino-
transferase (Jacoby and La Du, 1964). Our experiments,
however, showed that p-FP cannot be transaminated by the
cytosol enzyme but that it can be transaminated, at a rate
of 15.6% of that for tyrosine, by the mitochondrial enzyme.
The reason for this discrepancy is not obvious. The possi-
bility that their enzyme preparation could have been con-

taminated by the mitochondrial enzyme is overruled by the

"fact that their enzyme preparation was not active towards

m-tyrosine which is a better substrate than p=FP for the
mitochondrial enzyme according to our data.

The transamination of p-CP in vitro by rat brain (Gal

tyrosine aminotransferase (Miller and Litwack, 1971) has
been reported. Gal et al. (1970; 1971) have proposed that
the inhibitory effects in vivo-of p-CP on the phénylalanine

and tryptophan hydroxylases involve .the incorporation of

L 4 2 DA BT TN
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R-CP at or near the active sites of these enzymes, and that
the same inhibitory effects produced by p-chlorophenylpyruvic
acid are due to its transamination to p-CP. If the mechanism
of action of p~CP is indeed as proposed above, our finding
that D-p-CP has the same inhibitory effect on the phenylala-
nine hydroxylase as the L-isomer could be explained by the
oxidation of D-p-CP by the D-amino acid oxidase followed by

transamination of the keto acid to the L-isomer (page‘100).

Our finding that p-CP is a substrate for the mitochondrial

but not the cytosol enzyme.is in accord with the establiéhed
specificities of the enzyme.

In view of the differences in substrate specificity (Mil-
ler and Litwack, 1971), binding between co-enzyme and apo-

enzyme (Miller and Litwack, 1969b) and sensitivity to inhibi-

‘tors (Fellman and Roth, 1971) between the cytosol and the

mitochondrial tyrosine aminotransferases, and together with

the results presented in this section, it is conceivable that
aromatic amino acids which are not substrates for the cytosol
enzyme may be transaminated by the action of the mitochondrial

enzyme.
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