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Abstract ft 9. 0 
SPECIFICITY OF L(-)-TYROSINE DECARBOXYLASE 

The affinity of the bacterial enzyme L(-)-tyrosine 

decarboxylase for a wide variety of substrates has once 

been implied by the result of this study* Like the mam¬ 

malian aromatic L-amino acid decarboxylases, L(-)-tyro- 

sine decarboxylase from Streptococcus faecalis was found 

to be dependent on pyridoxal-5'-phosphate (PALP) as co¬ 

enzyme for its activity* This was shown by doubling up 

of the rate of carbon dioxide (CC^) production x^hen an 

incubation of the enzyme in the absence of PALP was com¬ 

pared with one in the presence of the coenzyme* 

The method found best for the extraction of enzyme 

from the acetonized intact cells was grinding with alum¬ 

ina. With a few modifications of the original procedure 

by Epps (26), a procedure for a 170-fold purification was 

developed. The pH optimum found for the enzyme was 5.5 

and the variation of the enzyme activity with the enzyme 

concentration was found to be directly proportional^ 

Two out of the 21 different analogs of the amino 

acids phenylalanine, tyrosine, and tryptophan were found 

to show affinity for L(-)-tyrosine decarboxylase, namely: 

L-3-aminotyrosine (3-ATy) and L-3-monoiodotyrosine 

(3-ITy). The rate of COg evolution using 3-ATy as sub¬ 

strate was about 30% that of the reference substrate, 

L(—)-tyrosine, and that of 3-ITy was approximately half 

as much as 3-ATy* This implies then that these two ana¬ 

logs are possible substrates for the enzyme. The differ¬ 

ence in the rates of decarboxylation between 3-ATy and 



and 3-ITy suggests that the active group of the enzyme 

fits more the space in between p-hydroxy and m-amino 

substituted tyrosine than that between p-hydroxy and m- 

iodine substituted derivative. This seemed to follow the 

same lining that was suggested by Blaschlco (11) wherein 

the active site of the bacterial decarboxylase was postu¬ 

lated to fit in the space between the p- and m-substi- 

tuents of the substrate whereas that of mammalian enzyme 

fits that space between the m- and o-substituents. This 

then led to his conclusion that while bacterial enzyme 

decarboxylates both p- and m-substituted aromatic amino 

acids, mammalian decarboxylase does the m- and ©-substi¬ 

tuted ones which suggests the similarities but not the 

exactness cf the two enzyme systems on account of the 

affinities of both for the m-substituted derivatives. 

The fact that both analogs are of the L-configura- 

tion and demonstrated affinity for the enzyme is an evi¬ 

dence for the stereospecificity of the faecal strepto- 

coccal enzyme, L(-)-tyrosine decarboxylase. 
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SPECIFICITY OF 
L(-)-TYROSINE DECARBOXYLASE 

I. Introduction 

Of the many biogenic amines formed by both mam¬ 

malian and bacterial decarboxylases, no specific physio¬ 

logical function is known for tyramine formed from the 

decarboxylation of the amino acid tyrosine (95). L(-)— 

tyrosine decarboxylase, the enzyme responsible for the 

formation of tyramine requires a phosphorylated-dsriva- 

tive of pyridoxal as its coenzyme (38). This has been 

confirmed by Baddiley and Gale (4) with the apoenzyme 

preparation of tyrosine decarboxylase. They had shown 

a codecarboxylase requirement for partially purified 

preparations of four bacterial decarboxylases, specific 

for lysine, tyrosine, arginine, and ornithine. They 

also noted codecarboxylase provided no stimulation for 

histidine and ornithine decarboxylases. 

Epps (26) in 1944 observed the spontaneous dis¬ 

sociation of the enzyme to a certain extent during the 

purification accompanied by lost of activity which she 

found can be reactivated by the addition of the code¬ 

carboxylase preparation. Furthermore, she suggested that 

the type of linkage is a loose association of the coen¬ 

zyme rather than a prosthetic group linkage. 

Matsuo (55) in 1957 and Christensen (18) in 1958 
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List of Abbreviations 

ATp .... 

3-ATy .. 

(MH4)2S°4 

Ca3(
p04)2 

DEAE 

DOPA  
3:4—DOPA   
L-3:4-DOPA   

L-2:3-DOPA   
L-2:4-DOPA   
L-2:5—DOPA or 2:5- 
L—2:6-DOPA   

DOPamine ......... 
3:4-DOPamine   
2:5-DOPamine   

3-3:4-DOPS   
3:4-DOPS   

EDTA  

HA    

5-HTA   

5-HTP .... 

3-ITy .... 

PALP  

m-tyrosine 

Adeno sinetripho sphate 

L-3-aminotyrosine 

Ammonium sulfate (AS) 

Calcium phosphate 

Diethylaminoethyl- 

Dihydroxypheny1alanine 
3:4- " 
L-3:4- " 

L-2:3- » 
L-2:4- " 
L-2:5- " 
L-2:6- " 

Dihydroxyphenylethylamine 
3:4- " 
2:5- " 

Beta-3:4dihydroxyphenylserine 
3:4- " 

Ethylenediaminetetraacetate 

Homogentisic acid 

5-Hydroxytryptamine, serotonin 

5-Hydroxytryptophan(e) 

L-3-monoiodotyrosine 

Pyridoxal-5’phosphate 

Meta-hydroxypheny1alanine 
Ortho- •' 
Para- " 



demonstrated that pyridoxal-5' -phosphate (PALP)* shows 

characteristic changes in its absorption spectrum on re¬ 

action with amino acids to form imines (Schiff bases) and 

that these changes are a function of pH. Metzler (58) 

suggested that imine exists as a dianion in highly alka¬ 

line solution and as the pH is lowered a single proton 

is added to form an acid in which the phenolic group is 

probably hydrogen bonded to the imino nitrogen, two 

tautomeric forms being possible (FIGURE 1). It is this 

hydrogen bonded form which possesses an absorption band 

at 414 nya. All of the pyridoxal enzymes have been found 

to show absorption spectra which suggest that at some 

particular pH values, PALP is attached to the enzyme 

through an azomethine linkage (74). 

Proposed Model Systems for Amino Acid Decarboxylation 

Much information on mechanism has been gained from 

non-enzymatic model systems in which pyridoxal or PALP 

under appropriate conditions has been shown to catalyze 

many of the same reactions occuring enzymatically. These 

include transamination, racemization, decarboxylation, 

elimination of the alpha-hydrogen with either non- or 

beta- substituted amino acid (59). Each of these varied 

reactions results from the intermediate removal of an 

•All abbreviations used in this work are defined on page 
2. In addition, each abbreviation will always be defined 
at its first appearance. 
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electron pair from one of the bonds to the alpha-carbon 

on the basis of performing similar types of reactions with 

PALP-metal ion-amino acid systems (FIGURE 2). They also 

suggested that in pyridoxal, there are five groups to be 

considered both as to presence in the molecule and rela¬ 

tive position on the ring. Such groups were described: 

The formyl group —— functions in the formation of a 

Schiff base with the amino acid and is necessary for both 

enzymatic and non-enzymatic catalysis. 

The hydroxyl group   must be in the proper orientation, 

that is, ortho- to the formyl group and serves to stabi¬ 

lize the Schiff base intermediate. This too is necessary 

for both enzymatic and non-enzymatic catalysis. The hydroxy¬ 

methyl group, or its phosphate ester -— is not necessary 

for non-enzymatic catalysis. Its phosphate ester however, 

is necessary for enzymatic catalysis serving as point of 

attachment to the enzyme. The methyl group is not neces¬ 

sary for non-enzymatic catalysis. The heterocyclic nitro¬ 

gen atom   is responsible for the electron displacements 

from the bonds in the amino acids and that the mechanism 

of transmission of this electron attraction to the alpha- 

carbon atom is provided by formation of a Schiff base 

thus giving a conjugated system of double bonds extending 

from the electron attracting group to the site of the 

reaction. The Schiff base intermediate being stabilized 

to the necessary degree by chelation with the catalytic 

metal ion via the nitrogen of the resulting azomethine 
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linkage, the phenolic group, and probably the carboxyl 

group of the amino acid residue maintaining the planarity 

of the conjugated system. This chelated metal ion pro¬ 

vides an additional electron attracting group that oper¬ 

ates in the same direction as the heterocyclic nitrogen 

atom, thus increasing the electron displacements from the 

alpha-carbon atom, 

Two other model systems for enzymatic decarboxyla¬ 

tions have been proposed. One by Werle and Koch in 1949 

(FIGURE 3), based on the formation of a Schiff base re¬ 

sulting in the formation of alpha-imino acids which are 

readily decarboxylated. The other scheme was proposed by 

VJestheimer (FIGURE 4). The essential difference between 

the two mechanisms-lies in the groups which satisfy the 

valences of the amino carbon during the reaction, VJerle's 

scheme involves removal of the hydrogen atom from this 

carbon before decarboxylation, in contrast with Westhei- 

mer's proposal wherein this hydrogen atom remains fixed 

to the carbon throughout. The former requires the addi¬ 

tion of two hydrogen atoms from the solvent to the amino 

carbon while one hydrogen atom is needed in the latter, 

Mandeles, Koppelman, and Hanke (54) in 1954 tested 

the validity of these proposed mechanisms using a D20 

medium. The result of their studies suggested VJestheimer' s 

proposal to be the correct one, that is, the alpha-hydro¬ 

gen was not lost. Thus instead of the imino tautomer of 

the amino acid complex preceding the decarboxylation step, 
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the decarboxylation proceeded from the Schiff base (III), 

forming an unstable intermediate in which the alpha-carbon 

was a carbanion (IVa) followed by subsequent protonization 

of this carbanion. Hydrolysis to PALP and amine which 

is the final step follows. 
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A. MAMMALIAN AMINO ACID DECARBOXYLASES 

Blaschko (9) in 1945 and Schales (73) in 1951 pub¬ 

lished a reviev; on the occurrence and properties of the 

known mammalian amino acid decarboxylases. These include 

decarboicylases that were active on: cysteic acid, cystein- 

sulfinic acid, glutamic acid, histidine, 5-hydroxytrypto- 

phan (5-HTP), dihydroxyphenylalanine (DOPA), tryptophan, 

meta-hydroxyphenylalanine (m-tyrosine), ortho-hydroxyphen- 

ylalanine (o-tyrosine), and para-hydroxyphenylalanine 

(p-tyrosine). Phosphorylated derivative of pyridoxal was 

established to function as the coenzyme for most of these 

decarboxylases. Marked difference in pH optimum has been 

observed between bacterial decarboxylases and decarboxylases 

of mammalian origin. Whereas bacterial decarboxylase acti¬ 

vity is significantly increased at pH 5.0 or below, de¬ 

carboxylases of animal origin require a neutral or slightly 

alkaline environment. Activity of decarboxylases of 

bacterial origin, in most cases were also increased by 

the presence of glucose in the growth medium due to the 

fall in pH produced during growth by fermentation acids 

(29). 

Mammalian tissues of which decarboxylase activity has 

been demonstrated include the kidney, liver, small intes¬ 

tine, stomach, brain, adrenals, spleen, and pancreas: but 

the highest decarboxylase activity are generally obtained 

from the kidney, liver, and pancreas. 

The enzymatic decarboxylation of mono- and di- hydroxy 

derivatives of phenylalanine has been the subject of a 
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number of works in recent years. Two types of enzyme 

catalyze such reactions, namely: DOPA decarboxylase of 

mammalian tissues and bacterial tyrosine decarboxylase. 

Both require pyridoxal phosphate as coenzyme and act only 

on the free L-form of the amino acids but, Blaschko and 

his colleagues (11) showed that they have somewhat dif¬ 

ferent substrate structural requirements. There are three 

types of specificity existing: (1) stereospecificity — 

only the free L-form of the amino acids are acted upon by 

both enzymes, (2) specificity for substrate with a free 

amino group — suggesting a necessity for interaction of 

this group with the formyl group of the PALP, and (3) 

specificity for the position of the phenolic hydroxyl(OH) 

group, presumably determined by the position of a speci¬ 

fic reactive group on the apoenzyme. 

As pointed out previously (11), DOPA decarboxylase 

attacks ortho- or meta- hydroxy phenylalanine whereas 

tyrosine decarboxylase acts on the meta- and para- isomers, 

and is virtually inert towards the ortho- compounds. The 

common activity of both mammalian and bacterial decarboxyl¬ 

ases towards meta-hydroxyphenylalanine has been demon¬ 

strated by Blaschko. 

In the mammalian tissue extracts, o-tyrosine was de¬ 

carboxyl ated at approximately the same rate as the meta¬ 

hydroxy derivative. However, the rate of decarboxylation 

of m-tyrosine was slightly less than with 3:4-dihydroxy- 

phenyl alanine (3:4-D0PA) as substrate. Blaschko (10) con¬ 

firmed these findings using extracts from guinea pig kidney 
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and rat liver. He found that incubation of DL-o-tyrosine 

with these extracts gave rise to carbon dioxide, the total 

amount of which suggested only one stereoisomer was de- 

carboxylated, the L-isomer in view of what is known of 

the stereospecificity of DOPA decarboxylase. With the 

bacterial preparations, the rate of CC>2 formation from 

o-tyrosine was practically negligible, but was found to 

act on m-tyrosine, at about one-third of the rate of de- 

darboxylation of p-tyrosine. 

The decarboxylation of L-3:4-DOPA is catalyzed by 

two enzymes: the mammalian L-DOPA-decarboxylase (42) 

and the bacterial L-tyrosine decarboxylase (26), The 

tvjo enzymes differ in their affinity for L-tyrosine which 

probably is the "natural" substrate of the bacterial en¬ 

zyme but is not attacked by the mammalian enzyme. 

More recently, two new substrates of the mammalian 

enzyme DOPA decarboxylase have been described, L-m-tyro- 

sine and L-2:5-dihydroxyphenylalanine (L-2:5-DOPA) (16). 

Both these amino acids give rise to pressor amines on de¬ 

carboxylation. Like L-3:4-DOPA, both these amino acids 

have the phenolic hydroxyl group in the meta-position 

relative to the side chain, the presence of this group 

in these three substances enable them to be substrates. 

Results from the incubation of 2:5-DOPA with rat liver 

and guinea pig kidney preparations suggested..v.that only 

the L-configuration was decarboxylated. Prom these find¬ 

ings it was concluded that DOPA decarboxylase is responsible 
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for the decarboxylation of 2:5-D0PA for the following 

reasons: (1) decarboxylation of 2:5-DOPA occurs in ex¬ 

tracts of both rat's liver' and guinea pig's kidney, or¬ 

gans known to contain the enzyme DOPA decarboxylase, (2) 
3:4-acid 

the ratio u2 
2:5-acid 

is very similar for both organs; 

C<X 

in each the reaction is somewhat slower with the 2:5 

acid, and (3) the rates of COg, with both acids added to¬ 

gether were no additive. Evidence that DOPA decarboxylase 

was responsible for the decarboxylation of m-tyrosine is 

the same as for 2:5-DOPA. 

The resulting amines from the decarboxylations of 

2:5-DOPA and m-tyrosine gave rise to blood pressure when 

tested for pressor activity but, somewhat lesser steep 

compared with equal amount of the corresponding 3:4-D0PA 

which is more reminiscent of an injection of adrenaline. 

The duration of the blood pressure rise was however more 

prolonged with the 2:5-amine. 

These findings suggested that the ring structure is 

of no importance since it is known that tyrosine is not a 

substrate of DOPA decarboxylase. Substrate specificity 

must therefore be dependent either upon the number of 

phenolic hydroxyl groups or on the presence of a hydroxyl 

group in a given position. Results showed the presence 

of two phenolic hydroxyl groups is not required; the pres¬ 

ence of one such group is essential. However, the position 

of this group in relation to the side chain is of impor- 
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tance (10); a hydroxyl in the para-position to the side 

chain is not sufficient, but the presence of a hydroxyl 

group in either the meta- or in the ortho-position is 

sufficient. Irrespective of the number of hydroxyl 

groups, all three amino acids namely: 3:4~D0PA, 2:5- 

DOPA, and m-tyrosine with the hydroxyl group in the meta' 

position are substrates of the enzyme, 

A few years ago, Blaschko (15) demonstrated the a— 

wakening action in reserpine-treated mice of the amines 

formed from the decarboxylation of a number of amino 

acids, mostly hydroxylated derivatives of phenylalanine. 

Concurrently, he showed that 2:3-dihydroxyphenylalanine 

(2:3~DOPA), another isomer of DOPA is readily decarboxy- 

lated by preparations of rat and guinea pig tissues. 

Among the amines he studied were those formed from the 

decarboxylation of amino acids related to tyrosine name¬ 

ly: 3:4—DOPA, 2:5~DOPA, m-tyrosine, 2:3-DOPA, including 

beta-3:4-dihydroxypheny1serine (beta-3:4-DOPS), since 

this amine acid is slowly decarboxylated by the mammal¬ 

ian enzyme (14). Blaschko (11) suggested that the 

phenolic groups in tyrosine derivatives function in hy¬ 

drogen-bonding of substrate to apoenzyme. Thus, a given 

compound in a series can unite with the apoenzyme and 

will be decarboxylated if it possesses a hydroxyl on 

the ring in an appropriate position. 

Of the amines that were tested for their awakening 

action in mice tranquillized by reserpine L-DOPA and 
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m-tyrosine had strong awakening effects whereas D-DOPA, 

2:3-DOPA, 2:5-DOPA, and 3:4-DOPS had no awakening actions. 

Results suggest that rapid decarboxylation alone is not a 

sufficient requisite for an awakening action since 2:3- 

DOPA and 2:5-DOPA which are both rapidly decarboxylated 

yet do not possess awakening effect. Of these two ortho-, 

meta-substituted compounds, 2:3- and 2:5-DOPA, the former 

bears the groups on adjacent carbons and is considerably 

more rapidly decarboxylated than the latter with the groups 

contralaterally situated (83). Sourkes concluded that an 

amino acid must satisfy two specificity requirements for 

the awakening effect; first, that of the amine-forming 

enzyme, and secondly, that of the excitable structures 

upon which the amines act. 

Inhibition studies made by Rosengren (70) in 1960 

proved that the enzyme catalyzing the decarboxylation of 

L-3:4-DOPA and 5-hydroxytryptophan (5-HTP) was one and the 

same enzyme, in contrast to the findings of Clark et al. 

(19) wherein they proposed the decarboxylation of the two 

amino acids are carried out by two different enzymes. 

Rosengren showed that formation of 5-hydroxytryptamine 

(5-HTA) from 5-HTP was inhibited by alpha-methyl-DOPA, 

which was known to inhibit DOPA decarboxylase and sug¬ 

gested that this finding may be explained in two ways: 

(1) 5-HTP and DOPA interacted at the same active site of 

an enzyme, or (2) 5—HTP and DOPA attached to the active 

sites of two different enzymes, and thus interfered with 



-13- 

each other’s decarboxylation. An analysis of the results 

according to Lineweaver-Burk (49) revealed the type of in¬ 

hibition was competitive. Furthermore, the decarboxyla¬ 

tion not only of DOPA but also that of 5-HTP were both com¬ 

petitively inhibited by m~tyrosine, o-tyrosine, and 

caffeic acid. 

The possibility that DOPA and 5-HTP are competing for 

the common coenzyme, PALP, seems to be excluded, since D- 

DOPA which reacts with PALP as readily as L-DOPA but is 

not a substrate for DOPA decarboxylase does not inhibit 

the decarboxylation of 5-HTP. The evidences presented by 

Rosengren (70) that DOPA and 5-HTP decarboxylases are one 

enzyme were: (1) the same distribution in different tissues, 

(2) the activity ratio for DOPA to 5-HTP was found not to 

vary during fractionations, and (3) inhibitor constants 

are the same as could be expected if they were competitive 

substrates. 

Studies of Reid and Shepherd (69) on decarboxylase 

activities in tissues of tryptophan-deficient rats re¬ 

vealed the livers of the deficient animals contained less 

3:4-D0PA decarboxylase (3:4-dihydroxy-L-phenylalanine 

carboxy-lyase), 5-HTP decarboxylase (5-hydroxy-L-trypto- 

phan carboxy-lyase), and histidine decarboxylase (L- 

histidine carboxy-^yase) than livers of controls. The 

activities of all three systems varied in parallel, sug¬ 

gesting that they are due to a single enzyme, a non-speci¬ 

fic L-amino acid decarboxylase (carboxy-lyase). The signi- 



ficant correlation between the three decarboxylase acti¬ 

vities in the livers of both tryptophan-deficient and con 

trol rats further attested the findings of Rosengren (70) 

for the histidine activity to be present in the fraction 

containing the activities for both DOPA and 5-HTP. 

Sourkes et. al. (84) pointed out that 2:6-dihydroxy- 

phenylalanine (2:6-DOPA), the remaining member of the 

DOPA series, is a special case in that its two ortho- 

phenolic groups should, by extrapolation from the re¬ 

sults with the mono-hydroxy isomers, be susceptible to 

decarboxylation by DOPA decarboxylase but not by bac¬ 

terial enzyme. Using guinea pig kidney enzyme prepara¬ 

tion, Sourkes (03) found that DOPA isomers were decar- 

boxylated at rates decreasing in the following order: 

2:3> 3:4>2:5 = 3:6>2:4> 2:6>3:5. 

Evidences for the versatility of the non-specific 

enzyme aromatic L-amino acid decarboxylase were presented 

by Lovenberg, VJeissbach, and Udenfriend (51) using a puri 

fied enzyme preparation (50-100 fold) from guinea pig 

kidney and some specific inhibitors. Their investigation 

on the problem of aromatic amino acid decarboxylation in 

mammalian tissues including brain and liver indicate 

there is one enzyme that catalyze the decarboxylation 

of DOPA, 5-HTP, phenylalanine, tyrosine, tryptophan, and 

histidine. Their evidences for one enzyme were: (1) 50- 

100 fold purification did not dissociate the activities, 
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(2) lack of specificity of the purified enzyme; unnatural 

amino acids were also decarboxylated, (3) competitive sub¬ 

strate inhibition, and (4) inhibition of all the activities 

by alpha-methylamino acids. 

The work of Lovenberg, Barchas, Weissbach, and Uden- 

friend (50) further attested the non-specificity of the 

mammalian enzyme, aromatic L-amino acid decarboxylase. 

The enzyme catalyzing the decarboxylation not only all 

of the naturally occurring aromatic amino acids but also 

the alpha-mechyl analogues of these aromatic amino acids (94). 

These alpha-methyl-amino acids are examples of nonphysio- 

logical aromatic amino acids which are decarboxylated by 

this enzyme. Alpha-methylamino acids are of particular 

interest since these compounds are potent inhibitors 

of the enzyme when the natural amino acids are employed 

as substrates. 

Two schools of thought have been proposed for the 

nature of this inhibition. Sourkes (82), who reported 

the first studies with alpha-methyl-DOPA as an inhibitor 

of the decarboxylation of L-DOPA, proposed that alpha- 

methyl amino acids inhibited by interaction with the enzyme 

rather than with the coenzyme and that the inhibition 

was competitive in nature. Smith more recently, showed 

that alpha-methylamino acids inhibit by combining with 

the coenzyme in a non-competitive fashion and the degree 

of inhibition is markedly influenced by the concentra¬ 

tion of the added PALP. However, inactivation produced 
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by preincubation with the inhibitor in the absence of the 

coenzyme could not be reversed by adding coenzyme at the 

end of the preincubation. 

Lovenberg et al. (50) in their recent work observed 

that both types of inhibition can be obtained depending 

on the experimental conditions. Inhibition is competi¬ 

tive in nature when the alpha-methylamino acid is pre¬ 

incubated with the enzyme in the presence of PALP, or 

when substrate and inhibitor are added simultaneously 

in the absence of PALP. But when the alpha-methylamino 

acid is preincubated with the enzyme in the absence of 

coenzyme or substrate noncompetitive inhibition is ob¬ 

tained. 

The findings of Lovenberg et al. that other PALP- 

requiring enzymes are not affected by these inhibitors 

suggested that alpha-methylamino acids inhibit mammalian 

aromatic L-amino acid decarboxylase by a unique interaction 

with both enzyme and bound coenzyme, rather than by nonspe¬ 

cific interaction with the coenzyme alone, and that the type 

of the interaction between the inhibitors and the enzyme 

is stereospecific since only the L-form of alpha-methyl¬ 

amino acids served as the effective inhibitors. The re¬ 

lief of the inhibition by exogenous PALP was proposed to 

be due to reactivation of the bound PALP. Awapara et al. 

(3) have reported findings which suggest a similar effect 

of added PALP on the unresolved aromatic L-amino acid 

decarboxylase from rat liver. 
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B. BACTERIAL AMINO ACID DECARBOXYLASES 

Historically, indications of the existence of amino 

acid decarboxylases resulted from early isolation of amines 

from putrified proteins. In 1857, Muller isolated iso- 

amylamine from putrified yeast. Ellinger in 1898 repor¬ 

ted the production of putrescine and cadaverine after 

putrefaction of ornithine and lysine. Ackerman isolated 

putrescine, delta-aminovaleric acid, histamine, cadaver¬ 

ine, and gama-aminobutyric acid from the putrefaction of 

the corresponding amino acids. 

The presence of tyramine was first shown by Emerson 

in 1902 in an autolyzing pancreas. In 1909, Rosenheim 

has shown tyramine to be one of the main pressor sub¬ 

stances in placental extracts while Barger and Walpole 

in the same year showed tyramine to be present in a pu- 

trifying meat. Sasaki in 1914 obtained tyramine from 

a medium of salts, tyrosine, and glycerol heavily in¬ 

oculated with Bact. coli and incubated. Ten years later, 

Hanke and Koessler obtained tyramine from the growth of 

pure cultures of organisms isolated from the intestine 

in synthetic media containing tyrosine, salts, glycerol, 

and lactose. In 1940, Gale published an article showing 

that washed suspensions of Bact. coli will decarboxylate 

L(+)-arginine, L(+)-lysine, L(+)-ornithine, L(-)-histi- 

dine, and L(+)-glutamic acid to form agmatine, cadaverine, 

putrescine, histamine, and gama-aminobutyric acid respec¬ 

tively, and that strains of bacteria differed markedly in 
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their capacity to decarboxylate amino acids. Of the 14 

strains of coliform organisms investigated, 12 decar- 

boxylated arginine, 12 histidine, 13 lysine, 12 ornithine, 

and 9 glutamic acid. 

Bacterial decarboxylases were proven to be very 

thermolabile and formed easily in organisms grown at 

27° than those grown at 37°C, and that the decarboxylase 

activity is a function of pH. Those grown at pH 7 medium 

have little decarboxylase activity but is greatly increased 

(20-100 fold) when grown at pH 5.0. Those decarboxy¬ 

lases were also noted to be active only over a very re¬ 

stricted^ pH range, the optimum value in each case being: 

4 for arginine, 4.5 for lysine, 4 for histidine, 5 for 

ornithine, and 4 for glutamic acid. 

In 1944, a new bacterial amino acid decarboxylase 

has been reported by Epps active for both L(-)-tyrosine 

and DOPA in contrast to the mammalian decarboxylases. 

However, the activity for DOPA is slightly less than that 

towards tyrosine and was referred to as L(-)-tyrosine de¬ 

carboxylase. The pH optimum obtained varies between pH 5 

to 5.5 for the intact cells and pH 5.5 optimum for all 

enzyme preparations at all stages. Decarboxylation at 

an acid pH results in the formation of an alkaline amine 

and evolution of COg accompanied by a shift of the en¬ 

vironmental pH toward neutrality. It was suggested that 

one of the functions of the amino acid decarboxylases is 

to act as a neutralization mechanism in an unfavorably acid 
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mediurn, and it may be that this difference between the 

pH optima of the enzymes as measured in intact cells 

and in cell-free preparations is some reflection of 

the difference between the pH values of the intern¬ 

al and external environment of the cell as a result of 

the decarboxylase action. Epps' arguments for L(-)~ 

tyrosine and. L-3:4-DOPA as alternate substrates for 

L(~)~tyrosine decarboxylase were: (1) there was no sig¬ 

nificant difference between the values obtained for the 

activity ratios for L(-)-tyrosine to L-3:4-DOPA along 

the different stages of the 100-fold extent of purifi¬ 

cation, (2) there is a general similarity on the response 

of the activities of enzyme preparations towards L(—)- 

tyrosine and L~3:4-DOPA with changes in pH, temperature, 

and enzyme concentration, (3) the effectsoof general 

inhibitors are very similar towards the two substrates, 

(4) the effects of exposing the enzyme to various denaturing 

processes are similar towards the two activities, (5) when 

the concentration of each substrate was sufficient to satur¬ 

ate the enzyme, the rate of CC>2 production from a mixture 

of L(-)~tyrosine and L-3:4-DOPA was intermediate between 

those recorded for each substrate alone, and (6) Gale (29) 

showed that L(-)-tyrosine can be decarboxylated only by 

Streptococcus faecalis (S. faecalis) and Cl. aerofoetidum 

among numerous organisms tested. From a survey of several 

of the same organisms it appears that only S. faecalis and 
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Cl. aerofoetidum possess activity towards L-3:4-DOPA. The 

difference in the activity ratios of the enzyme prepara¬ 

tions for S. faecalis and Cl. aerofoetidum is not sur¬ 

prising when the different nature of these organisms is con¬ 

sidered. 

Gale in 1946 (30) published a review on all the bac¬ 

terial amino acid decarboxylases known until that time and 

were specific for L(+)-lysine, L(+)-ornithine, L(+^argi¬ 

nine, L(-)-histidine, L(+)-glutamic acid, and L(-)-tyro- 

sine. These six amino acids have one property in common: 

all of these amino acids possess a polar group in addi¬ 

tion to the alpha-carboxyl (-C00H) and alpha-amino (-NH2) 

groups situated at the end of the molecule removed from 

the -C00H group attacked. In each case the enzyme concerned 

is specific for the natural isomer of the amino acid sub¬ 

strate. Substitution of the alpha-NH2 group results in 

complete inhibition of the attack and the corresponding 

keto acids are not attacked. However, introduction of 

two polar groups do not inhibit the decarboxylation and 

DOPA could also act as a substrate which further attested 

Epps' observations (26). Furthermore, substitution of 

hydroxyl groups in the substrate molecule in a position 

•'other than" in the three essential polar groups slows 

but does not prevent decarboxylation (31). The decarbo¬ 

xylation is quantitative and manometric estimation of the 

decarboxylation from the substrate in the presence of 

the specific enzyme can be used for the estimation of the 



-21- 

substrate and that the agreement of the results obtained 

by other methods further demonstrate the specificity of 

the decarboxylase action (30). If racemic mixtures of 

the amino acid substrate are used, then the COg output 

corresponds to 45-49% theoretical and that the method can 

be used for the resolution of such racemic mixtures (64i. 

Sine L(+)-lysine decarboxylase can not decarboxylate 

L(+)-ornithine, the length of the carbon chain between 

the polar groups is also of importance. These findings 

suggest that for an amino acid to evoke the formation of 

a decarboxylase in bacteria it must possess: (1) a free 

-C00H group in the alpha-position, (2) a free alpha-N^ 

group, (3) a free terminal group of polar nature, and 

(4) requires the natural levo configuration. Gale fur¬ 

ther suggested that for an enzyme to produce the strain 

necessary to result in the splitting off a carbon dioxide 

from the -C00H group of the substrate molecule, there 

must be a ti^o-point attachment between the substrate and 

the enzyme protein* and the presence of polar groups in 

the right stereochemical relation is necessary for the 

evocation of the enzymes during growth. 

A seventh amino acid decarboxylase of bacterial ori¬ 

gin, aspartic acid decarboxylase, has been shown by 

Virtanen and Laine (92) to be responsible for the formation 

of beta—alanine from aspartic acid. 

Some literature claimed that tryptamine "has been ob¬ 

tained by the action of bacteria on tryptophan but so far 
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no organism has been found which can decarboxylate any 

common amino acid other than the seven listed above. 

Gale (29) found that strains of S. faecalis possess 

a very active tyrosine decarboxylase but that when these 

organisms are grown in a simplified medium, the activity 

of the resulting organisms is greatly decreased and that 

the development of the full activity in this organism is 

dependent upon the presence of pyridoxine and nicotinic 

acid in the growth medium in addition to the presence of 

tyrosine. Snell and others have shown that there is 

factor in animal tissues which will replace pyridoxine 

in the nutrition of certain lactic bacteria and when 

assayed against S. lactis FI is more effective than pyridox¬ 

ine itself; this factor has been called "pseudopyridoxine". 

Harris, Heyl, and Folkers (41) synthesized certain pyrid¬ 

oxine derivatives including pyridoxal (with an aldehyde 

group in position 4) and pyridoxamine (with an amine 

group in position 4) (FIGURE 5) and were both active as 

pseudopyridoxine growth factors for S. lactis JR. Snell 

suggested that the biologicallyactive substance is either 

pyridoxal or pyridoxamine and -these results from the vary¬ 

ing ability of the organisms to synthesize the aldehyde or 

amine derivative from pyridoxine. Pyridoxine derivatives 

were tested for their ability to activate pyridoxine-de- 

ficient streptococci toward the decarboxylation of tyro¬ 

sine using washed suspensions and obtained an<: activation 

with pyridoxal but not by pyridoxamine or pyridoxine itself 
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which means streptococci grown in a pyridoxine-deficient 

medium are able to synthesise the protein moiety of tyro¬ 

sine decarboxylase, but not the coenzyme or prosthetic 

group moiety. However, if the cells are dried then 

pyridoxal is no longer effective as activator unless 

adenosinetriphosphate (ATP) is also added. This was 

proven by Gunsalus et al. (38) using an enzyme prepara¬ 

tion from S» faecalis JR grown in pseudopyridoxine media 

decarboxylates tyrosine only very slowly and is slightly 

stimulated by the addition of pyridoxal but markedly 

stimulated if supplied with pyridoxine and ATP. ATP 

without pyridoxal has little effect (or is slightly in¬ 

hibitory) which indicates that pyridoxal is converted into 

a phosphorylated derivative which is active as the co¬ 

enzyme of tyrosine decarboxylase and is attributed to 

ATP used for the pyridoxal phosphorylation. The presence 

of the aldehyde groupsin the coenzyme explains the sen¬ 

sitivity of the codecarboxylase enzymes to keto or alde¬ 

hyde monoxide fixatives. 

Snell and Rannefeld (81) found that pyridoxamine is 

equally effective with pyridoxal as a growth factor, but 

the former can not act, whether phosphorylated or not, 

as codecarboxylase (36). 

Gale further summarized the conditions necessary for 

the formation of amino acid decarboxylase in bacteria: 

(1) the organism concerned must possess such enzymes in 

its potential enzymic constitution, (2) growth must take 
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place in the presence of the specific substrate, (3) the 

organism must be capable of synthesizing codecarboxylase 

or, if the organism is incapable of this synthesis, the 

growth medium must be supplied with certain factors in¬ 

volved in the formation of codecarboxylase, (4) the 

growth medium must be acid, (5) amino acid decarboxylases 

are formed generally to a significant extent only if 

growth occurs at temperatures lower than 30°, and (6) 

the enzymes are fully developed within the organism 

only at the end of active cell division* 

Boiled preparations of either histidine decarboxylase 

or glutamic acid decarboxylase will not act as a source 

of coenzyme for any of arginine, ornithine, lysine, or 

tyrosine apodecarboxylase which suggested that these two 

enzymes differ from the remaining four decarboxylases 

in that they do not possess codecarboxylase as part of 

the enzyme structure. However, the apoenzyme prepara¬ 

tions of any one of the four enzymes can be activated to¬ 

ward their substrates by the addition of a boiled prepara¬ 

tion of any one of the untreated enzymes; thus indicating 

that four enzyme preparations contain a substance or sub¬ 

stances that will function as coenzyme or coenzymes to the 

four apodecarboxylases (33). Consequently, the apoenzyme 

can be used for a test for the presence of codecarboxylase 

since the rate of decarboxylation of substrate is roughly 

proportional to the amount of codecarboxylase added to a 

given amount of apoenzyme, provided the enzyme is not 
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saturated with the coenzyme; it is possible to assay the 

codecarboxylase content of tissues and plants on a compara¬ 

tive basis. If the tissues are assayed with regard to the 

codecarboxylase, the distribution of the codecarboxylase 

is qualitatively and quantitatively the same whichever 

apoensyme is used for assay purposes. 

Two groups of inhibitors differentiate between the 

two types of decarboxylase. Both Fe++ ions and carbonyl 

reagents produced marked inhibitions of the decarboxylases 

requiring coenzyme but had little effect on the histidine 

and glutamic acid decarboxylases. Inhibition action of 

semicarbazide towards the codecarboxylase enzymes indi¬ 

cates the presence of a keto or aldehyde group which is 

essential for enzymic activity. 

A parallel study of the substrate specificity for 

the L(-)-tyrosine decarboxylase of S. faecalis R (77) 

has been carried out subsequently with the substrate 

specificity investigation of DOPA decarboxylase (10) 

using m-tyrosine, o-tyrosine, and p-tyrosine for substrates 

by Blaschko in 1948. He found L(—)-tyrosine decarboxylase 

having a completely different pattern of affinities: it 

has a marked preference for tyrosine (p-tyrosine), it 

acts less readily on m-tyrosine and practically no af¬ 

finity for o-tyrosine. The results of his studies showed 

the bacterial and the mammalian enzyme are closely related 

in that both are PALP-requiring proteins (30, 38), He 

concluded that the different affinities for tyrosine and 
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its two isomers must, therefore, be due to structural dif¬ 

ference of the enzyme proteins, and that the position of 

the phenolic hydroxyl group is one of the factors which 

govern the enzyme-substrate relationship of the two de¬ 

carboxylases. 

In the following year, Sloane-Stanley (77) attempted 

to find out whether 2:5-DOPA, m-tyrosine, and o-tyrosine 

are substrates of the streptococcal tyrosine decarboxylase 

just as they are all decarboxylated by mammalian DOPA 

decarboxylase which attacks neither L(-)-tyrosine nor L~ 

phenylalanine (S). Acetone-dried preparations of S. 

faecalis Shdecarboxvlate m-tyrosine at about 30^ of the 

rate with tyrosine as substrate and appears to be specific 

for the L-form of m-tyrosine. Its corresponding amine 

was found to have sympathomimetic properties and raises 

the arterial blood pressure of the spinal cat (16). 

Washed suspensions of intact cells gave no detectable ac¬ 

tion on m-tyrosine. This difference suggests the undam¬ 

aged cell membranes of the intact cells are impermeable to 

m-tyrosine, whereas freely permeable to the isomeric 

tyrosine. Neither dried preparations nor intact cells of 

S_. faecalis R have any significant action on 2:5-DOPA. 

O-tyrosine was found not significantly decarboxylated 

by dried preparations of j3. faecalis _R nor has this amino 

acid any detectable affinity of tyrosine decarboxylase. 

Results therefore showed m-tyrosine is a substrate to 

bacterial L(-)-tyrosine decarboxylase just as to mammalian 
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DOPA decarboxylase in addition to L(-)-tyrosine and L-3:4- 

DOPA. 

In 1950, Blaschko (11) discussed the substrate speci¬ 

ficity of amino acid decarboxylases of both bacterial 

and mammalian origins based on the decarboxylation of 

tyrosine and its isomers, m- and o- tyrosine. His find¬ 

ings are summarized in (TABLE 1). 

TABLE 1 

Decarboxylation of tyrosine and its isomers 

Source of Enzyme Substrates 
Preparation Para- Meta- Ortho 

Bacterial + • + - 

Mammalian -# + 

®Signifies decarboxylation 
#Signifies no decarboxylation 

His results demonstrated the importance of the 

phenolic hydroxyl groups and their positions on the ben¬ 

zene ring for the reaction between enzyme and substrates 

and he suggested that these groups seemed to react with 

the protein part of the decarboxylase system although the 

nature of the forces at work between the enzyme protein 

and substrate is not known. Blaschko implied the possi¬ 

bility that the reaction between the phenolic hydroxyl 

groups and enzyme involves the formation of a hydrogen- 

bond, with the hydroxyl group either as a donor or an ac¬ 

ceptor. He further assumed that the substrate must be 

held by a group in the enzyme so that it can react with a 

hydroxyl group in one of two adjacent positions on the 

benzene ring. The position of this group in the enzyme 
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was further suggested to be different for the bacterial 

and the mammalian enzyme (FIGURE 6). 

Blaschko in this study made a parallel investigation 

on the substrate specificity of the two types of decar¬ 

boxylase using a number of substrates* While 2:5-DOPA 

is a substrate of the mammalian decarboxylase, he implied 

that its lack of affinity for the bacterial enzyme is due 

to the presence of the hydroxyl group in the ortho-posi¬ 

tion which presumably interferes with the attachment to 

the enzyme. His study of 3:4-D0PS (noradrenaline car¬ 

boxylic acid) revealed another difference between the mam¬ 

malian and bacterial decarboxylase. On decarboxylation, 

it yields noradrenaline by the bacterial enzyme but not 

decarboxylated by extracts of mammalian tissues, although 

the rate of CO2 formation was much slower than with tyro- 

dine as substrate. His observations on N-methylated 

amino acids showed bacterial enzyme, like the mammalian 

enzyme does not act on W-methyl-tyrosine. (26) and N-methyl- 

DOPS which suggests that the inability to act on N-methyl- 

amino acids is due to a property common to both enzymes. 

There is experimental support for a suggestion by 

Snell (79) that in transamination the initial reaction 

between amino acid and PALP involves the formation of a 

-N=C^ bond. In analogy, Blaschko implied it seems likely 

that the decarboxylation requires a reaction between the 

alpha-N^ group of the amino acid and the aldehyde group 

to the PALP: 
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This reaction therefore will only occur when the -NH2 

group is unsubstituted and he concluded that N-methylamino 

acids are unable to react with the formation of a -N=C^ 

bond which accounts for the fact that N-methylamino acids 

are not substrates of the amino acid decarboxylases. 

Blaschko discussed from the results of his experi¬ 

ments that there are two different types of substrate 

specificity and he used DOPA decarboxylase to demonstrate 

these: (1) tyrosine is not a substrate of DOPA decar¬ 

boxylase*, because it does not react with enzyme protein, 

(2) N-methyl~3:4-DOPA is not a substrate of DOPA decar¬ 

boxylase, because it does not react with the coenzyme. 

DOPA decarboxylase, like all amino acid decarboxy¬ 

lases, presents a third type of substrate specificity: 

stereospecificity — only members of the L-series are de¬ 

carboxyl at ed . The lack of affinity for the D-form can be 

understood from the foregoing illustration. Consider the 

alpha-carbon atom of the amino acid: 

R 

i 
NHp - C - H 

c i 

t 

COOH 
L - form 

Three of the groups attached to this atom are known to take 
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part in the decarboxylation reaction (59): (1) the -COOH 

group, which loses the CO^, (2) the -NH^ group, which re¬ 

acts with the aldehyde group of the PALP, and (3) the -R 

group, which reacts with the enzyme protein. It is shown 

clearly that the L- and D- forms are not equivalent, if 

decarboxylation requires a fixed relationship of these 

three groups relative to the enzyme therefore only one of 

the stereoisomers is expected to fulfil the conditions 

required for decarboxylation. The presence of a third 

polar group in -R is a common feature of all bacterial 

amino acid decarboxylases, the same is true for mammalian 

decarboxylases not only for DOPA decarboxylase, but also for 

the L-cysteic acid decarboxylase of mammalian liver (7). 

Sourkes in 1954 (83) in his studies of the enzymatic 

decarboxylation of the two DOPA isomers, 2:6- and 2:3- 

DOPA using acetonized preparation of J3, faecalis R. found 

that 2:3-DOPA was decarboxylated at about one-third the 

rate of 3:4~D0PA whereas no gas evolution was noted with 

2:6~DOPA even with supplements of coenzyme. However, both 

served as substrate for mammalian enzyme which signifies 

clearly that the results with tyrosine isomers can be 

applied additively to the DOPA series, and that the same 

may be said about 3:5- (= m,m-)-DOPA; its rate of decar¬ 

boxylation is low relative to most of the other isomers. 

In contrast with the substrate specificity of DOPA and 

tyrosine decarboxylases observed with the mono-hydroxytyro¬ 

sine, the pattern of substrate specificity of the two de- 
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carboxylases observed with the rnono-hydroxyphenylalanine 

is qualitatively applicable to the DOPA series. The 

relative position of the two hydroxyl groups obviously 

plays a role although factors determining the specific 

rate of decarboxylation are not entirely clear. Pre¬ 

sumably, Sourkes suggested that factors involved may 

possibly be the nature of the polar groups on the a- 

poenzyme serving to form the hydrogen-bonds with the 

substrate functional groups (11); and the relative po¬ 

larity of the DOPA isomers themselves. 

Lucas, King, and Brown (53) in 1961 investigated 

the substrate attachment in PALP-enzymes. They studied 

the imine (Schiff base) formation of the aldehyde group 

of PALP with the -NH2 group of the substrate; the apo- 

enzymes subsequently bring about the reaction (decar¬ 

boxylation, transamination, etc.) by inducing electronic 

rearrangements within the Schiff base. Advantage was 

taken of the characteristic changes observed in the ab¬ 

sorption spectrum ivhen an amino acid is added to PALP 

which they follow as the tool for their study. 

Although it has been generally assumed that the 

aldehyde group of the coenzyme to be one point of sub¬ 

strate attachment in PALP enzymes, even the aldehyde 

group may itself be bound to the enzyme when no substrate 

is present (75, 86), the need for other sites of attach¬ 

ment to explain the specificity of the enzymes is neces¬ 

sary. They then proposed that the substrate must be 
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appropriately attached on the enzyme surface; but once 

this condition is met, the readiness with which it forms 

an imine with the coenzyme would seem to be a major factor 

in determining enzyme-substrate affinity. The summary 

of the substrates so far known for the two decarboxylases 

of bacterial and mammalian origins are shown in TABLE 2. 
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TABLE 2 

Substrates for Bacterial and Mammalian Decarboxylases 

Substrate Bacterial 

Dihydroxyphenylalanine (DOPA) Series: 

2:3 - DOPA +* 

3:4 - DOPA + 

2:5 « 3:6 - DOPA -# 

2:4 - DOPA (-) 

2:6 - DOPA 

3:5 - DOPA + 

Monohydroxyphenylalanine (Tyrosine) Series: 

ortho - tyrosine - 

meta - tyrosine + 

para - tyrosine + 

phenylalanine ? 

Substituted Dihydroxyphenylalanine: 

3:4-dihydroxyphenylserine + 

threo-3:4-dihydroxyphenylserine 

N-methyl-3:4-dihydroxyphenylserine - 

N-methyl-3:4-dihydroxyphenylalanine - 

2-methyl-3:4-dihydroxyphenylalanine ? 

6-methyl-3:4-dihydroxyphenylalanine ? 

Substituted Monohydroxyphenylalanine: 

N-methylamino acids (In general) - 

N-methyl-L-tyrosine - 

N-methyl-DL-tyrosine - 
i + Indicates decarboxylation 

- Indicates not decarboxylated 
L ? Not yet determined 

@ 

Mammalian 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

- ( + ?) 

+ 

+ (slowly) 

+ 
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TABLE 2 

Substrates for Bacterial and Mammalian Decarboxylases 

Substrate Bacterial Mammalian 

Continuation of Substituted Monohydroxyphenylalalanine • • 

alpha-methylamino acids + + 

alpha-methyl-tyrosine ?© + * 

L-methoxy-tyrosine ~# 7 

L-diidotyrosine - • 

L-thyronine - ? 

L--thytoxine - o 
0 

erythro-3-hydroxyphenylserine 7 + 

Tryptophan and its Derivatives: 

Tryptophan - 

4-hydrbxytryptophan (4-HTP) ? 

5-hydroxytryptophan (5-HTP) ? + 

7-hydroxytryptophan (7-HTP) 7 ? 

alpha-methyltryptophan o ♦ + 

Histidine + * 

Natural 'Non-aromatid' Amino Acids: 

L-arginine * ? 

L-lysine ? 

L-ornithine + ? 

L-glutamic acid •f + 

aspartic acid + ♦ 

cysteic acid *> 
0 + 

cysteinsulfinic acid 7 + 
* + Indicates decarboxylation 
# - Indicates no decarboxylation 
@ ? Not yet determined 
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C. PHYSIOLOGICAL IMPLICATIONS OF SOME BIOGENIC AMINES 

The wide physiological functions for epinephrine 

(also known as adrenaline- or adrenine), norepinephrine 

(known also as noradrenaline or arterenol), serotonin 

(5-hydroxytyramine), and various hydroxy-tyramines, and 

their implications on the known ’inborn errors' of metabo 

lism are of some particular interests in the study of the 

substrate specificity of the aromatic L-amino acid de¬ 

carboxylases* 

The work of Gurin and Delluva (39) and more recent¬ 

ly of lidenfri.end and U'yngaarden (89) demonstrated that 

epinephrine is synthesised in vivo from phenylalanine. 

Their findixigs support the hypothesis advanced by 

Blaschko (6) that epinephrine is biosynthesise via a 

para-hydroxylation of phenylalanine to tyrosine; the hy¬ 

droxyl at ion of tyrosine to DOPA; the decarboxylation of 

OOPA to hydroxytyramine (DOPsmine); the beta-hydroxyl— 

ation of DO?amine to norepinephrine; and finally the 

N-methylation of norepinephrine to epinephrine. See 

(FIGURE ?) for the pathway of adrenaline biosynthesis as 

postulated by Blaschko (12). 

The enzymic alterations of tyrosine to epinephrine 

have been shown to take place in the adrenal tissues (359 

45) while initial hydroxylation of phenylalanine takes 

place in the liver tissues since phenylalanine oxidase 

seems to occur only in the liver (88). The presence of 

greater amount of phenylalanine in the medullary tissue 
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than in cortical tissue further suggests this amino 

acid plays a role in epinephrine biosynthesis as described 

by Udenfriend et al, and by Fellman and Devlin (28) where- 

~ in radioactive tyrosine was obtained when "^C-labeled- 

phenylalanine was incubated with slices of beef adrenal 

medulla. 

Epinine (N-methyl-3:4-dihydroxyphenylethylamine) has 

been implicated to be a possible precursor of epinephrine 

biosynthesis but since its presence in mammalian tissues 

has never been demonstrated then its role in this bio¬ 

synthesis is still shadowed (12). Noradrenaline (oxy- 

tyramine) being a primary amine is an imperfect sympa¬ 

thomimetic agent since its action is mainly excitory and 

do not possess all the inhibitory effects of adrenaline 

but because it is one most closely related in structure 

with adrenaline implies that it is a precursor of adre¬ 

naline (6). Secondary amine arises from it by N-mefchyla- 

tion, a reaction known to occur in the body as in the 

synthesis of cretatine (91). 

Staub (85) described two newly discovered functions 

of epinephrine: (1) the intravenous infusion of epinephrine 

causes a prolong increase in cortical activity, and (2) 

the increase in plasma histamine is an effect of intra¬ 

venous infusion in man. He considered this release of 

histamine a compensatory process to counter-act the cir¬ 

culatory effect of epinephrine. 

DOPA decarboxylase forms a pressor substance from the 

pharmacologically inert DOPA which makes the blood pressure 
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rise when tested for activity, this confirms the findings 

of Holts of a pressor substance having the characteristic 

property of 3:4-DOPamine from the urine of rabbits 

and humans after administration of 3:4-DOPA. Another 

pressor substance of somewhat weaker potency than 3:4- 

DOPamine is 2:5-dihydroxyphenylethylamine (2:5-DOPamine) 

which appears to be readily metabolised since administra¬ 

tion of large doses did not produce reducing material 

in the urine in contrast to similar derivatives of cate¬ 

chol; 3:4-DOPA is incompletely metabolised in man. Leaf 

and Ileuberger (48) demonstrated in rat that 3:4-dihydroxy- 

phenylacetic acid is largely excreted unchanged whereas 

homogentisic acid is readily metabolized which implies 

mammalian are better adopted to oxidation of hydroqui- 

nones than of catechol derivatives which supports the con¬ 

clusion that the former are the normal intermediates in 

metabolism. 

That L(—)-DOPA is the normal precursor of the cate¬ 

cholamines in the body is now generally accepted (13), and 

that they are in some way essential for the maintenance 

of wakefulness in the normal animals seemed to imply by 

their effect upon reserpinized animals. M-tyrosine, al¬ 

though not normally found in the organism is also able 

to awaken reserpinized mice and its excitory actions in 

normal mice has been shown by Mitoma (60). The possibility 

of m-tyramine has an intrinsic pharmacological activity is 

worth considering, since it is known that phenylethyla- 

mine derivatives hydroxylated in the meta-position are 
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more potent sympathomimetic agents than para-hydroxy com¬ 

pounds. P-tvramine has been shown to be a physiologically 

active substance, is a potent vaso-constrictor producing 

effects of the same kind as those produced by adrenaline 

although at relatively lesser intensity* It has been 

shown to be formed from tyrosine by bacterial action 

which recently has been regarded as playing a part in 

certain pathological states in which a high blood is the 

most important symptom. 

Catechol derivatives in normal urine of man and ani¬ 

mals consist chiefly of noradrenaline as described by 

Von Euler and Kellner (93) together with adrenaline, hy¬ 

droxy tyramine, and pressor amines of catechol type. It 

has also been demonstrated that there is a great increase 

in noradrenaline and adrenaline output in the urine of 

phaeochromocytoma which confirms the findings of Kakimoto 

and Armstrong (44) of elevation in catecholamine excre¬ 

tion in cases of phaeochromocytoma and of serotonin in 

argentaffinoma (76). More recently, smaller variations 

were noted in catecholamine excretion during various phy¬ 

sical and phychic stresses. 

The much attention received by the non-specific aro¬ 

matic L-amino acid decarboxylase was because of its role 

in the biosynthesis of both serotonin and norepinephrine. 

However, it should be emphasized that the same enzyme 

is responsible for the formation of amines from their 

corresponding aromatic amino acid which are all normal 
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constituents of urine (60). Evidence that this enzyme 

is responsible in vivo for the formation,of these amines 

were obtained from studies with alpha-methylamino acids 

which can both inhibit decarboxylation of the amino acids 

in vivo and also can act as antihypertensive agents. 

Alpha-methyl-DOPA has been demonstrated in vivo to depress 

the urinaryr excretion of tyramine, trvptamine, and seroto¬ 

nin. The fact that the same enzyme forms three active 

amines of physiological importance namely; serotonin, 

3:4-DOPamine, and histamine in tissues such as brain 

is of interest since these amines or products derived 

from them have been implicated to function as neurohumoral 

agents. 

The capacity of the different parts of the brain to 

form DOPamine is roughly proportional to the level of 

norepinephrine and it has been suggested recently that 

5-HTA and norepinephrine functions as neurohormones in 

the central nervous system. A detailed mapping of the 

decarboxylase activity in the brain showed it to be pres¬ 

ent generally in those areas which coordinate behavioural, 

autonomic, and somatic activities — suggesting 5-HTA 

and norepinephrine might be functionally associated with 

brain regions which control these activities (46). 

Some proposed that serotonin (5-HTA) is concerned 

in some mental diseases (71). 

Kore recently, some amines whose biological signi¬ 

ficance is less clear have been identified in addition to , 
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the originally long list of phenolic amines excreted in 

normal urine (44) which include DOPamine, octopamine, 

normetanephrine, metanephrine, serotonin, m~ and p-tyra- 

mine, 3-methoxytyramine, and histamine as the free phenolic 

amines. Vanyllylamine, p-sympathol, p-hydroxybenzylamine, 

and N-methyl-p-tyramine are some of the conjugated amines# 

Some are dietary in origin and evidences presented by 

Kakimoto and Armstrong (44) that others are of endogenous 

in origin were: (1) the amine is excreted daily at a fair¬ 

ly constant rate by a given individual and the variation 

in amount is not great between individuals, (2) the pres¬ 

ence of the amine in tissues may be demonstrated, and (3) 

the amount of amine excreted does not vary' with dietary 

changes. 

Hcmogentisic acid (HA), a 2:5-dihydroxy derivative 

is considered a normal product of phenylalanine and tyro¬ 

sine metabolism in man and that 2:5-DOPA is a possible 

precursor of HA was shown by Neuberger, Rimington, and 

Wilson (63). They found in a case of human alkaptonuria 

that at least 40% of the ingested DL-form of 2:5-DOPA 

is converted to HA which suggests that L-isomer acts as 

a normal intermediate between L-tyrosine and HA. Blaschko, 

Holton, and Sloane-Stanley (16) proposed two pathways for 

HA formation which both involved 2:5-DOPA as an inter- - 

mediate metabolite (FIGURE 8). Since the enzyme DOPA de¬ 

carboxylase is specific for the L-configuration then 

pathway (3) fulfils this requirement and because of the 
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amine formed being a substrate to amine oxidase then it can 

be further metabolized as shown in pathway (B! ) in the 

same figure. Blaschko et al. implied that the foregoing 

oxidation of L-2:5-DOPamine to HA is another role for 

DOPA decarboxylase in the metabolism of tyrosine. It was 

shown by Neuberger et al. (63) that tyrosine gives rise 

to HA in alkaptonurics but not in normals, and that both 

tyrosine and its corresponding amine are fully metabolised 

by normal man and animal. 

The conversion to tyrosine of phenylalanine has been 

proven by many workers to be presumably the main pathway 

of phenylalanine catabolism in mammals, and that the 

studies of Neuberger, Rimington, and Wilson showed inges¬ 

tion of extra phenylalanine produced an increase in the 

urine of HA by the alkaptonurics although the plasma con¬ 

centration remains to be the same just as no change in 

the output of HA with the administration of ascorbic acid 

indicating alkaptonurics respond in a normal manner to 

large doses of the vitamin. However, implications have 

been made that abnormal metabolism of ascorbic acid is 

associated with or possibly the cause of congenital alkap¬ 

tonuria in human subjects, an inEorn disease involving the 

inability of the person afflicted to further breakdown 

HA, it therefore accumulates thence elevated excretion in 

the urine. The same observation was noted by Leaf and 

Neuberger (48) of the lotv blood level of HA in alkaptonurics 

at the time when the concentration in the urine is quite 
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high which they proposed may be explained alternatively 

as; HA is possibly mainly made in the kidney and does not 

pass into the blood in significant amounts or HA is made 

in an organ different from the kidney, appears in the 

blood, but is actively secreted by the tubulio 

As Garrod (34) described them, inborn errors are 

probably caused by "the congenital lack of some particular 

enzyme, in the absence of which one step is missed, and 

some normal metabolic change fails to be brought", is 

once more indicated in tyrosinosis, another error of tyro¬ 

sine metabolism. There has been a proposal that two path¬ 

ways of oxidation of tyrosine are open to the normal in¬ 

dividual, one leading through p-hydroxyphenylpyruvic 

acid and the other through 2:5-DOPA, both however lead to 

production of HA. The two errors of tyrosine metabolism 

now known, alkaptonuria and tyrosinosis, both involving 

blocks in the oxidation of tyrosine, but at different 

stages. Tyrosinosis is characterize by excretion of DOPA ' 

in the urine (57), consists essentially in the inability 

of the subject to oxidize the p-mono-hydroxy compound 

(p-mono-hydroxyphenylpyruvic acid) to the 2:5-dihydroxy 

derivative (2:5-dihydroxyphenylpyruvic acid) but could 

open the ring previously oxidized in the 2:5-positions. 

Evidence has been presented that the normal oxidation of 

tyrosine include the introduction of a second hydroxyl 

group in a position leading to the production of HA as 

a preliminary to disruption of the ring. The preserved 
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power of tlie patient to oxidize HA further suggests the 

2:5-oxidation of tyrosine as a normal intermediary step. 

In alkaptonuria, the patient could bring about 2:5-oxida¬ 

tion but can not further:metabolize this compound. The 

patient could however oxidize the benzene ring by some other 

route. 

A genetic absence of tyrosinase leads to a disease 

called albinism characterized by lack of pigmentation (95). 

Although the chemical structure of melanin pigment natural¬ 

ly occurring in mammals is not-known, much is known about 

the mechanism of its formation. Helanogenesis is the ac¬ 

tivity of a specialized type of cells in mammals called 

the melanocytes which possess a Cu-containing oxidase, 

tyrosinase, and is responsible for the spontaneous aerobic 

oxidation of L-tyrosine, melanin precursor, to 5:6-dihy- 

droxyindole. The monomeric 5:6-dihydroxyindole then 

polymerizes to form a compound' of larger molecular weight 

which is then attached through its quinone linkages, to 

amino or sulfhydryl groups of the protein matrix to the 

pigment granule. DOPA is again involved in this biosyn¬ 

thesis as the first product of tyrosinase action on tyro¬ 

sine which is an evidence presented by Raper (68) that 

there is one point of attack in the tyrosine molecule — 

the ortho-position to the phenolic hydroxy group indicat¬ 

ing deamination of the side chain does not take place as 

a breakdown mechanism for tyrosine. 

The introduction of iodine into the phenolic ring of 



tyrosine which occurs in the formation of diiodotyrosine 

and 'thyroxine is another suggested pathway of tyrosine 

metabolism. The work of Davis (21) on the effect of 

cortisone and thyroxine on the decarboxylation of o-tyro- 

sine and 5-HTP using tissues from both normals and pyridox- 

ine-deficient animals showed a marked reduction in the 

apodecarboxylase in the liver and kidney of the deficient 

animals in contrast with the brain tissues which remained 

unchanged. She proposed from her studies that the effects 

of these hormones may play a role in the development of 

physiologic manifestation reflecting altered hormonal 

balance. 

Until the present time, the connection between the 

biochemical abnormalities and the development of the 

mental defect in phenylketonuria is still very obscure. 

Early workers implicated that mental defect occurs not 

as a result of interference with the functioning of the 

normal central nervous system, but rather toxic metabo¬ 

lites appeared to be responsible for some of the mental 

symptoms associated with phenylketonuria (phenylpyruvic 

oligophrenia), another inherited condition in humans in 

which the ability of the liver to oxidize phenylalanine 

to tyrosine is impaired. Because this pathway represents 

the major, although not the only manner in which phenylala¬ 

nine is metabolized in mammals, considerable amounts of / 

phenylalanine accumulates in the blood and tissues of the 

affected individuals, and phenylalanine and abnormal 
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metabolites derived from it are excreted in the urine 
i 

which include phenylpyruvic acid, indolelactic acid, 

beta-L-phenyllactic acid, and phenylacetylglutamine, 

the conjugated form in which phenylacetic acid is ex¬ 

creted,, Some qualitative reactions 'were obtained with 

phenylketonuric urine not observed in the urine of nor¬ 

mals, in addition to soma abnormal indole derivatives. 

Some phenolic acids are present in phenylketonuric urine 

and the most orominent of the abnormal phenolic comoounds 

identified is o-hydroxyphenylacetic acid (1) which is 

implicated to be due to greater production of the acid 

rather than impairment of the ability to oxidize o- 

hydroxyphenylacetic acid further to HA. Udenfriend 

and Bessman (87) have shown using ^C-labeled-phenylala¬ 

nine that phenylketonurics can oxidise the labeled amino 

acid to tyrosine but at a rate only 7-10% that of normals 

Further evidence that phenylalanine is hydroxylated by 

these patients is supported by the fact that epinephrine 

biosynthesis takes place (28) and also by the appearance 

of abnormal hydroxylation products in the urine of these 

individuals 



II. MATERIALS AMD METHODS 

A. ORGANISMS 

An'unknown strain of s. faecalis (H.C.T.C. 6783) was 

used for this study which was supplied by Worthington 

Biochemical Corporation in the form of dry acetone powder 

of pure cell cultures. The organisms used were assumed 

to be of a ’single* strain. 

The enzyme preparation was either an extract of S. 

faecalis which would be referred to as the crude extract 

or a partially purified preparation in which case the 

stage of purification will be so indicated. A suspension 

of intact cells, 20 mg per ml of 0.02 H phosphate buffer, 

pH 5.5 was also used as an enzyme preparation in several 

occasions which will be referred to as merely cell sus¬ 

pension. 

The amount of the enzyme preparation used for each 

determination was varied according to the ability of the 

preparation to produce CC^ which is measured by the change 

in pressure as observed from the manometers resulting 

from the progress of the reaction. The use of variable 

amounts of the enzyme preparation for each estimation 

was necessary to maintain the readings of the change in 

pressure within the limits of the manometer. This was 

also necessary to prevent the possible unwanted opening 

of the stoppers of the side arms as the pressure builds 

up inside the reaction vessel from the COg output. How¬ 

ever, in all cases, the substrate was present in excess 
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of the enzyme in each reaction mixture. 

B. SUBSTRATES 

The reference substrates used throughout this study 

was the amino acid L(-)-tyrosine and the enzyme will be 

called LX-)-tyrosine decarboxylase (p-hydroxyphenylalanine 

carboxy-lyase). The purification of the enzyme was worked 

out with the reference substrate which was supplied by 

California Corporation for Biochemical Research. A total 

of twenty one analogues of the amino acids L(-)-*tyrosine 

(p-hydroxyphenylalanine), phenylalanine, and tryptophan 

were used as the rest of the substrates. The analogues 

were obtained from Cyclo Chemical Corporation and they were: 

1. L-p-amino-phenylalanine 

2. D-p-amino-phenylalanine 

3. DL-p-bromo-phenylalanine 

4. DL-p-chloro-phenylalanine 

5. DL-o-fluoro-phenylalanine 

6. DL-m-fluoro-phenylalanine 

7. DL-p-fluoro-phenylalanine 

8. L-p-nitro-phenylalanine 

9. D-p-nitro-phenylalanine 

10. L-3:5-dibromo-tyrosine 

H. L-3:5-diiodo-tyrosine 

12. L-3:5-dinitro-tyrosine 

13. L-alpha-hydncoyphenyl alanine 

14. D-p-hydroxyphenyllactic acid 

15. L-3-amino-tyrosine 

16. L-3-methoxy-tyrosine 
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17. L-3-monoicco-tyrosine 

18. L-3-nitro-tyrosine 

19. DL-4-methyl-tryptophan 

20. DL-5-methyl-tryptophan 

21. DL-6-methyl-tryptophan 

Solutions in water of the different substrates ranging 

from 0.0075 M to 0.015 M were prepared depending on the 

solubility of the different analogues in water using a 

100°C water-bath. Attempts to dissolve the different 

substrates in either extraction or assay buffer failed to 

increase the solubility of the substrates. Unless other¬ 

wise stated, 12 micromoles were used for all the D- and 

L- derivatives, and 24 micromoles for the DL-forms in 

the reaction mixtures which resulted to variable ionic 

concentrations in the 3.0 ml final volume of the reaction 

mixture. 

Buffers 

Extraction buffer was 0.02 M phosphate, pH 5.5 made 

from a mixture of mono- and di-sodium phosphate salts 

to arrive at the desired pH. 

Assay buffer was 0.02 M acetate, pH 5.5 made from a 

mixture of sodium acetate and acetic acid to arrive at 

the desired pH. 

All buffers were prepared at cold temperature, 5-10° 

as significant variation in pH \^as observed between at 

cold temperature and that at room temperature, 23-25°C. 

There was no considerable effect on the pH with the dilu¬ 

tions used. 
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When the reaction pH was above 5.5 (as in the case 

of the pH curves), the pH was readjusted to a pH comparable 

to 5.5 with dilute acetic acid or when the pH is below 5.5 

(as in the case of pH precipitation), the pH of the super¬ 

natant was readjusted back to 5.5 with dilute ammonium 

hydroxide. 

The Determination of Protein Concentration 

The total nitrogen content was quantitized using 

Kjeldahl method as modified by Lang (47) for the deter¬ 

mination of protein concentrations of suspensions of in¬ 

tact cells having 6.25 as the standard factor for conver¬ 

sion of total nitrogen content to protein. 

Lowry method (52) was used for enzyme preparations 

in solution. 

Coenzyme 

Pyridoxal-5’-phosphate (PALP), a phosphate derivative 

of pyridoxal, a codecarboxylase for L(-)-tyrosine decar¬ 

boxylase was used as the coenzyme for this study. A stock 

solution of 10 micromoles PALP per ml water was diluted 

to make a solution of 2 micromoles per ml which was used 

for the estimations. A volume of 0.3 ml of the latter 

was used in all determinations and other than this amount 

will be indicated. 

All solutions of PALP were kept in wrapped bottles 

to avoid unnecessary exposure to light as this coenzyme is 

slightly sensitive to light (80). Both the stock and 

diluted solutions of the coenzyme were frozen when not 

in use. Pyridoxal-5*-phosphate, monohydrate, 98-100% 
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pure was supplied to us by either Calbiochem or Sigma 

Chemical Company. 

C. METHOD OF ESTIMATING AND EXPRESSING THE ENZYME 
ACTIVITY 

The activity of the enzyme preparations was estimated 

as for L(+)-lysine decarboxylase (32) by the conventional 

Warburg, manometric technique.. The method was employed 

with a slight modification to facilitate the further so¬ 

lution of the reference substrate which was in suspension. 

All reaction mixtures and thermal barometers were run in 

duplicates in the presence of air as the gas phase at 37°C, 

the reaction temperature. The flasks of the reaction mix¬ 

tures and thermal barometers were all allowed to preincu¬ 

bate at the reaction temperature for 10 minutes for ther¬ 

mal equilibration before addition of either the enzyme or 

the substrate by tipping into the main compartment the 

contents of the side arms depending on which system of 

assay was used. 

A volume of 3.0 ml of water was used in both flasks 

of the thermal barometer (90). 

Acid-tip (6 N sulfuric acid) has not been adopted 

in the assays as there was no significant difference 

found in the tests for activity with or without the acid 

to release the C02 output from the liquid reaction mixture. 

Two systems were used for staridard assay: 

Standard _a system of assay — for these experiments, 

1.0 ml of the assay buffer was placed in the main compart¬ 

ment of the flasks. To this were added the enzyme prepara- 
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tion and 0.3 ml of PALP solution. One of side arms was 

made to .hold the substrate before the start of ihe reaction 

and so much volume of the extraction buffer was added to 

the main compartment to complete the 3.0 ml final volume. ' 

Standard b system of assay — In this system, the 

enzyme preparation was allowed to preincubate with the 

PALP at the side arms while the substrate was mixed with 

the required amount of the assay buffer to complete the 

final volume at the main compartment. This system of 

assay facilitated the further solution of the substrates 

(especially true in the case of the reference substrate 

which was still in suspension at 0.015 M concentration) 

before the actual commencing of the reaction. The fur¬ 

ther solution of the substrate was brought about by the 

combined effects of further dilution from the addition 

of the assay buffer and from preincubation at the reac- 

t5.on temperature prior to the start of the reaction. 

In both systems, the reaction was started by tipping 

into the main compartment the contents of the side arms 

at the end of the preincubation period. The CC>2 produc¬ 

tion was measured at 5-minute intervals during the first 

10 minutes after the reaction was allowed to commence. 

The 10-minute reaction time has been adopted after a time 

course experiment has been made to see what length of time 

was necessary for the reaction to attain equilibrium. It 

was found that the COg output tends to level off after 

the second five minutes from the tipping of the side 

arm contents using L(-)-tyrosine as substrate in the 
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experiment. 

Conditions for assays different from the above two 

systems will be indicated with the experimental data. 

Assuming all the reactions went into completion, 

the 12 micromoles of substrate reacting (supposedly the 

L-isomer from the racemic DL-forms) from each determina¬ 

tion should give an equivalent of 325 microliters CC^. 

The resulting CC^ in microliters was converted into 

micromoles CC2 for expressing the enzyme activity in 

terms of units. One unit of enzyme is defined as that 

activity which yields one micromole of CC>2 per minute 

at 37°C. Specific activity is expressed in terms of 

number of units per mg of protein. 

Chemicals and Equipments 

Enzyme Grade ammonium sulfate was used for the am¬ 

monium sulfate fractionation of the enzyme. Glacial 

acetic acid, sodium phosphate, and acetate salts were 

obtained from I-lallinckrodt. Ammonium hydroxide was sup¬ 

plied by DuPont and 'aged* calcium phosphate gel was 

from Sigma Chemical Company. Glass distilled water was 

used throughout in this study. 

An instrument called Biosonik manufactured by Black- 

stone Ultrasonics was used in the attempt to extract the 

enzyme by sonication. A Gyrotory Shaker, model G-25 

from New Brunswick Scientific Company was used in at¬ 

tempting to extract the enzyme by incubation at 37°C for 

21 hours. Beckman model G pH meter was used for all pH 
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readings, and for all centrifugation steps a Sorval Super¬ 

speed Automatic Refrigerated Centrifuge, model RC-2 was 

used. The ammoium sulfate fractionations of the enzyme 

were accomplished with the Magnetic Stirrer from Preci¬ 

sion Scientific Company euu5.pped with an Artificial Bar 

Magnet for stirring the solution as precipitation pro¬ 

ceeds. The Warburg apparatus, the reaction vessels, and 

the manometers used for the estimations of enzyme activity 

were from the American Instrument Company (Aminco). Col¬ 

lections from the column chromatography made of DEAE- 

Sephadex A-50 was done with the Fraction Collector from 

Buchler Instruments, and readings of the collected eluate 

at 260 mp and 280 mp were made with the Beckman DU 

Spectrophotometer, model 2400. Colorimetric determina¬ 

tions of the protein concentration were read with the 

Junior Spectrophotometer, model G-A from the Coleman 

Instruments. 

D. EXTRACTION PROCEDURES 

Four different methods of extraction were tried in 

the attempts to extract the enzyme from the intact cells 

of S. faecalis in a suspension of 20 mg per ml of the 

extraction buffer. 

Extraction by incubation at 37°C for 21 hours was 

the first method tried with the Gyrotory shaker. 

Sonication was the second method that was tried 

using various speeds and lengths of sonication with the 

Biosonik Sonicator. 
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Using lysozyme, an enzyme known to lyse the cells 

of some species of gram-positive bacteria and many air¬ 

borne cocci was the third method employed with shaking at 

either room temperature or at 4°C. 

The final method of extraction which we found to 

be the best of the four methods tried was manual grind¬ 

ing of the dried acetonized intact cells with alumina 

at cold temperature, 5-10° employing frozen mortar and 

pestle* 
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III. RESULTS AND DISCUSSION 

A. ENZYME PURIFICATION 

For the most part, purification of the enzyme 

was the main concern of the earlier stages of this work. 

There have been a few problems encountered in the 

extraction of the enzyme from the acetonized powder of 

intact cells. Epps in 1944 (26) was consistently getting 

an extraction in the order of 95% using the strain Dunn 

of S. faecalis employing an incubation method of extrac¬ 

tion at 37°C for 21 hours. An attempt was made to dupli¬ 

cate this method of extraction but was not quite success¬ 

ful; results were only ranging from 50-80% with the high¬ 

est recorded of 81% and one 33% on the other extreme end. 

The average extraction obtained was within 60-65% range. 

It was found later that the pH of the resulting suspen¬ 

sion after incubation gets very close to neutrality which 

may explain the low recovery of activity in the crude ex¬ 

tract; the enzyme being presumably unstable at pH values 

close to neutral. Two sets of incubations were compared. 

One set was at different temperatures, 25° vs. 4°C; and 

the other set was at different lengths of incubation, 

21 vs. 24 hours. Results of these two sets are in TABLES 

3A and 3B. Of the 8 strains of faecal streptococci that 

Epps tested the amount of enzyme extraction varied be¬ 

tween 20-95% of the total which she explained to be due 

to strain differences and the strain used in this work 

which was unknown could be any one of the 8 strains other 
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than strain Dunn. 

Not quite satisfied with this result, the next ex¬ 

traction method that was used was utilizing sound waves of 

very high frequency within the audibility range of the 

human ear which is called sonication or ultrasonic vibra¬ 

tion. Variation in frequency was accomplished by a tune 

selector and power knob on the Biosonik instrument. The 

over-all result of the attempt to sonicate was worse than 

the incubation method since the probe, that part of the in 

strument which touches the cell suspension during the 

progress of the sonication becomes exceedingly "hot? 

that the chance of the enzyme as released from the rap¬ 

tured cells getting denatured (by the heat generated) was 

very possible. Neither a -10°C ice-salt-water bath did 

much help in counteracting the excessive heat produced 

nor a discontineous sonication of 5-minute intervals. 

Different lengths of sonication (minutes) have been em¬ 

ployed and effectiveness of extraction obtained was in 

the order of: 5 ^>10 (discontineous )> 10 >15> 20 (discon¬ 

tineous) using the same power setting and frequency on 

all of them. 

Lysozyme is a muramidase, an enzyme that catalyzes 

the hydrolysis of the beta-1,4-bonds between muramic 

acid and N-acetylglucosamine. Lysozyme was used employ¬ 

ing different conditions of incubation in an attempt to 

lyse the cell walls of the S,. faecalis for the release 

of the enzyme. But the effectiveness of the method was 
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TABLE 3 

TABLE 3A: Extraction of L(-)~tyrosine Decarboxylase at 4nvs.25°C 

Temper¬ 

ature 

°c 

Incubation Activity 

Period Units/ml 

Hours; uM CO0/min. 

Protein 

mg/ml 

^Recovery 

of Activi¬ 

ty per ml 

Specific 

Activity 

Units/mq 

4° 0 1.5829 3. 26 100% 0.4849* 

4° 21.5 1.0191 3.26 .64% 0.3122# 

25° 0 1.4923 3.52 100% 0.4239* 

25° 21.5 0.6663 3.52 45% 0.1892# 

^Suspensions of 20 mg (dry weight) per ml extraction buffer 
^Crude extracts from preceeding suspensions 

TABLE 3B: Extraction of L(~)-tyrosine Decarboxylase from 21 vs. 
24 Hours Incubation    

Temper¬ Incubation Activity Protein %Recovery Specific 

ature Period Units/ml mg/ml of Activi¬ Activity 

°C Hours juM C0o/min. ty per ml Units/mq* 

4° 21 1.1610 3.40 65% 0.3411 

4° 24 1.3630 3.15 72% 0.4326 

♦Crude extracts from suspensions of 20 mg/ml incubated at 
different lengths of time 
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just as bad if not worse than sonication and so the method 

was altogether discarded. Results of the extraction with 

lysozyme are in TABLES 4A and 4B. Since incubation at 

pH 5.5 seemed to have given higher specific activity for 

all the buffer concentrations used, another set of incu¬ 

bation was made employing only one pH, 5.5, but varying 

concentration of phosphate (sodium) buffer at 4°C. 

TABLE 5 shows the results. 

The final method of extraction that was tried in this 

laboratory was one utilising a manual blendor employing 

pestle rotating in a mortar in which acetonized intact 

cells xtfith alumina in sufficient extraction buffer is 

subjected to a shearing force that effectively disrupts 

cells and yields broken cell preparations, loosely called 

’homogenate'. These are suspensions of unbroken cells, 

disrupted cellular membranes, as well as the soluble phase 

of the cells. The method is generally called grinding 

with alumina and is a little tricky one since a ''paste'" 

consistency has to be maintained while grinding is in pro¬ 

gress to accomplish an effective extraction using this 

technique. The closer to the value of one the ratio of 

cells to alumina (by weight) the better the extraction 

becomes. Grinding is made at cold temperatures, 4-10°C 

for best results. Umbreit et al. (90) suggested that 

grinding should not be for more than 5 minutes as de- 

naturation of the enzyme would take place at any extra 

length of time but this was found not true in this parti- 
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TABLE 4A 

Extraction of L( —)- -tyrosine Decarboxylase with Lysozyme at 25 

Phosphate pH of In cub a- Activity Specific 

Buffer Buffers tion Units/ml Protein Activity 

M used Period pM C0o/min. mq/ml Units/mq 

0.02 M 5.5 0 

/'1" ' "i-ri ■ 
1.4761 3.20 0.4612* 

0.02 M 7.0 0 1.4368 2.88 0.4988 

0.10 M 5.5 0 1.5246 3.84 0.3970 

0.10 M 7.0 0 1.4457 2.88 0.5019 

0.02 M 5.5 30 min. 0.1786 1.26 0.1417# 

0.02 M 7.0 30 min. 0.1649 2.58 0.0639 

0,10 M 5.5 30 min. 0.1843 1.36 0.1355 

0.10 M 7.0 30 min. 0.1623 3.22 0.0504 

0.02 M 5.5 1.5 hr. 0.1736 1.27 0.1368+ 

0.02 M 7.0 1.5 hr. 0.1768 1.050 0.1683 

0.10 M 5.5 1.5 hr. 0.2070 1.61 0.1285 

0.10 M 7.0 1.5 hr. 0.1599 4.040 0.0395 

# Crude extract from 30-minute incubation of preceeding sus¬ 
pensions, respectively 

+ Crude extract from 1.5-hour Incubation of the above sus¬ 
pensions, respectively 
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TABLE 4B 

Extraction of L(-)-tyrosine Decarboxylase with Lysozyme at 25°C 
using 0.01 M EDTA in different Phosphate Buffers 

Phosphate 

Buffer 

M 

pH of 

Buffers 

used 

Incuba¬ 

tion 

Period 

Activity 

Units/ml 

HM/CO^/min. 

Protein 

mq/ml 

Specific 

Activity 

Units/ml 

0.02 M 5.5 0 

/ 1 ' 11 1 

1;0829 4.22 0.2563* 

0.02 M 7.0 0 1.0604 5.63 0.1882 

o
 

♦ O
 

5.5 0 0.9198 4.10 0.2245 

S
 
o
 

H
 e 
O
 .7.0 0 1.1088 4.48 0.2475 

0.02 M 5.5 30 min. 0.1847 0.94 0.1964# 

0.02 M 7.0 30 min. 0.2278 2.64 0.0862 

0.10 H 5.5 30 min. 0.2275 1.04 0.2187 

0.10 M 7.0 30 min. 0.1654 3.02 0.0547 

0.02 M 5.5 1.5 hr. 0.1818 0.98 0.1855+ 

0.02 M 7.0 1.5 hr. 0.2291 3.25 0.0704 

0.10 M 5.5 1.5 hr. 0.1793 1.10 0.1630 

0.10 M 7.0 1.5 hr. 0.1221 3.36 0.0363 
9 Cell suspension of 20 mg (dry weight) per ml buffer 
# Crude extract from 30-minute incubation of preceeding 

suspensions, respectively 
+ Crude extract from 1.5-hour incubation of the above 

suspensions, respectively 
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TABLE 5 

Extraction of L(-)-tyrosine Decarboxylase with Lysozyme at 
4°C using 0.01 H EDTA in different Phosphate Buffers» pH 5.5 

Phosphate 

Buffer 

H 

pH of 

Buffers 

used 

Incuba¬ 

tion 

Period 

Activity 

Units/ml 

yM COo/min. 

Protein 

mg/ml 

Specific 

Activity 

Units/ml 

0.02 M s.p 0 

/ 1 *- 1J" ■ 

1.5935 4.22 0.3772* 

0.10 M 5.5 0 1.4069 4.10 0.3434 

0i 02 M 5.5 1.0 hr. 0.1793 0.94 0.1907# 

0.10 M 5.5 1.0 hr. 0.2441 1.03 0.2369 

£
 

eg 
o
 » 
o
 5.5 4.0 hr. 0.1626 1.10 0.1478+ 

0.10 M '■ 5.5 4.0 hr. 0.2534 1.26 0.2011 
' * Cell suspension of 20 mg (dry weight) per ml buffer 

# Crude extract from 1.0-hour incubation of preceeding 
suspensions, respectively 

+ Crude extract from 4.0-hour incubation of the above 
suspensions, respectively 
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cular piece of work since the optimum extraction was 

usually obtained between 15—30 minutes grinding* Grind¬ 

ing was found most effective using 5-10 gm of the combined 

cells and alumina* It was found that the bulk of the 

material to be ground is critical* 

Since the test for activity of the enzyme employs 

an acetate buffer, an attempt was made using this buffer 

to extract the enzyme rather than the usual extraction 

phosphate buffer* TABLE 6 shows the results* 

TABLE 6 

Enzyme Extraction using Assay Buffer vs* Extraction 
Buffer at 4°G 

Extract Total Total 

from Appearance Protein 

Assay 
buffer 

clear, light 
yellow, thin 

12*84 mg 257.763 

Extraction 
buffer 

oplascent, dark 
yellow, much 
more viscous 

36*52 mg 2,696*165 

Obviously,' extraction with assay buffer (acetate buffer) 

has to be abandoned; 

The procedure used for the initial attempt of purifi¬ 

cation was that of Epps* (26) wherein a saturated solution 

of ammonium sulfate (SSAS) at pH 7*0 was used in all frac¬ 

tionations* For enzyme extraction, grinding with alumina 

was the method adopted* At the end of grinding, the whole 

mixture of cells and alumina was taken up with extraction 

buffer enough to make a homogenate containing 20 mg cells 

dry v^eight per ml of the buffer* This then is stirred for 
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another 30 minutes at 4°C and followed by centrifugation. 

The supernatant from this step was the crude extract. The 

pellet in turn, which was mainly disrupted cellular mem¬ 

branes, alumina, and some unbroken cells was twice washed 

with extraction buffer, centrifuged, and washings com¬ 

bined. Test for activity of these combined washings usual¬ 

ly gave 4-5% recovery of activity resulting in a very low 

specific activity due to its high protein content. 

Attempts to remove the unwanted nucleoproteins using 

2% protamin sulfate solution at 1:10 (v/v) of protamin sul¬ 

fate to crude extract did not prove to be an important 

step in increasing the specific activity of the enzyme 

preparation due to the low recovery of activity. 

The pH 5.5 crude extract precipitated when the pH 

was brought to 5.0 with pH 5, 2.0 M acetate buffer, before 

adsorption with the suspension of ’aged* calcium phos¬ 

phate Ga-zCPO^^ gel. The pH precipitation was then 

adopted as one of the steps in the purification which 

gave 99% recovery of activity and 2-fold purification. 

The supernatant from the pH precipitation was ad¬ 

sorbed with CP using a pH 7 suspension of 30 mg dry 

weight per ml water. Effecti/veness of adsorption was 

compared using a commercial CP supplied by Sigma Chemical 

Company and synthesized CP from this laboratory (25); 

both gave about the same effactivity. But the time in¬ 

volved in washing and adjusting of synthesized CP to the 

required pH of 7 is not commensurate with the amount of yield 
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v/hich led us to ordering the commercial product and also 

our yield was insufficiently ’aged* to mention the least* 

Using the ratio 1:5 (v/v) adopted by Epps of CP suspension 

to supernatant only gave approximately 40% recovery of 

activity and a 5-fold purification. The effectivity of 

the preceeding ratio was compared with 3:5 ratio (v/v) 

whose combined elutions (2x) gave 7-fold purification 

and about twice as much recovery of activity. Ten min¬ 

utes were allowed for adsorption (10-30 minutes were 

found equally effective), followed by centrifugation. 

Supernatant from the adsorption step was tested for 

activity but none could be detected. The CP pellet with 

the adsorbed proteins was then washed once with cold 

water and like the supernatant from CP adsorption, no 

activity could be detected from the water wash. The sol¬ 

vent used for eluting the enzyme from adsorption was a 

50% ammonium sulfate (NH^^SO^ solution, pH 7 using 1 ml 

for every 20 mg of calcium phosphate used. Elution was 

done twice using the same ratio each time and elutions 

combined. Dialysis before an assay for the activity of 

an aliqout from the combined elutions was accomplished 

using Medium Grade Sephadex G-25 column, 1 x 20 cm, equi¬ 

librated with the extraction buffer. 

The rest of the combined elutions was brought to 

100% saturation by mixing with it an equal volume of 50% 

AS solution and 40 gm solid AS for every 100 ml of the 

final solution. The pH was maintained at 7 during the 
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progress of the precipitation using a dilute ammonium 

hydroxide solution. Suspension temperature was kept at 

0° + 1°C using ice-salt-water bath and was allowed to 

equilibrate for at least 30 minutes before centrifugation. 

Supernatant was discarded and precipitate was taken up 

with cold water using 2/3 of the volume of the combined 

elutions. Test for the activity was compared using a 

dialysed aliquot vs. an undialyzed portion, an inhibition 

of approximately 50% was obtained from the latter. This 

result was not in agreement with the findings of Epps that 

solutions of ammonium sulfate up to 33% saturation in 

strength do not significantly affect the activity of the 

enzyme. All fractions involving ammonium sulfate were 

dialyzed thereafter vs. extraction buffer before any assay. 

The rest of the precipitate in water was brought to 

50% saturation and was centrifuged after equilibration. 

Centrifugations of all AS fractionations were at 17,000 x 

G for 20 minutes at 0°C, and that equilibrations were all 

at least 30 minutes. The precipitate from the 50% 

fraction gave no activity and the supernatant was brought 

further to 65% saturation. Both precipitate and superna¬ 

tant of the 65% saturation contained significant amounts 

of activity and therefore both were further fractionated. 

The supernatant was brought to 75% and the precipitate in 

water to 52%. No appreciable amounts of precipitation 

were obtained from both fractionations which presumably 

was due to unavoidable dilution of the protein solutions 
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from the use of saturated AS solution employed in the 

fractionations which was the same difficulty previously 

reported from this laboratory (40). 

An attempt to purify the enzyme by column chroma¬ 

tography using DEAE-5ephaaex was tried. The procedure 

was very similar to the method used for the rat liver 

which was published by Awapara et al. (3). The prelimin¬ 

ary steps starting from the extraction to the elutions of 

calcium phosphate adsorption were all essentially the same. 

The combined elutions were dialyzed for 18 hours at 0°C vs. 

four changes of 0.02 M phosphate buffer, pH 7.4; the propor¬ 

tions of the buffer to sample being between 20:1 and 50:1. 

A column of 1 x 22 cm made with DEAE-Sephadex A-50, 

medium, particle size 175-200 mesh (dry when sieved) 

equilibrated with 0.02 II phosphate buffer, pH 7.2 was 

used. Linear gradient elution was used employing all 

phosphate buffers of the following concentrations: 0.02 1-1, 

0.05 I-i, 0.075 M, 0.10 M, 0.15 M, 0.20 II, and 0.50 M using 

150-200 ml per gradient. Collections of 10 ml per tube 

from an initial flow rate of 54 ml per hour were accom¬ 

plished with an automatic fraction collector at 4-5°C 

which lasted for about a week. Optical density readings 

of the collections at 280 mp gave several peaks which 

were separately pooled together, concentrated with poly¬ 

ethylene glycol (Carbowaxi- market name), and dialyzed 

vs. extraction buffer before tests for both activity and 

protein concentration were made. Results are indicated 

in TABLE 7. Asterisk was the buffer concentration that 
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crystallised out in the column ivhich could probably must 

have harm the whole set up, in addition to possible in¬ 

activation of the enzyme at pH 7. . 

Heat treatment was the next thing that v<;as tried on 

the crude extract employing various temperature and lengths 

of heating. Of the different combinations that were tried, 

maximum recovery of activity was obtained at 55°C for 4 

minutes giving 2-fold purification. The heat treatment 

was accomplished using a water bath of 10° higher than the 

maximum temperature the crude extract will be brought up 

to with contineous stirring the moment the container was 

put in the bath up to the maximum required temperature 

which takes about 1.25-1.75 minutes and after the desired 

period of time at 55° the container is immediately stirred 

in an ice-salt-water bath at -10°-(-5°)C for immediate 

cooling which requires about the same length of time as 

heating. TABLE 8 shows the results of the heat treatment. 

A combination of pH precipitation at pH 5 and immedi¬ 

ate heating to 55°C for 3 minutes was also tried which 

gave 3-to 5-fold purification and recovery of activity 

of 75-90%. This combined pH precipitation and heating 

is now adopted as one of the purification steps in this 

studies. The resulting suspension from these combined 

processes was centrifuged at 15,000 X G for 20 minutes* 

Since both ammonium sulfate fractionation employing 

a saturated AS solution and column chromatography did not 

seem to be encouraging in the purification of the enzyme, 
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ammonium sulfate fractionation using solid AS- .was resorted 

to. Except for the use of the solid AS, all the steps 

and conditions employed in the different steps were the 

same as before. Dissolving of the added solid AS was 

facilitated by contineous stirring of the suspension by a 

magnetic stirrer and an artificial bar magnet. TABLE 9 

shows a typical purification, and recovery which were ob¬ 

tained from the farious procedures employed in this puri¬ 

fication. 

In some cases, a part of the ammonium sulfate 

precipitate which was taken up with water was compared 

with an equal part taken up with the extraction buffer 

and found that in no case was the solution in buffer bet¬ 

ter than the solution in water although both were dialyzed 

before tests were made vs. the same buffer. 

Briefly, the purification method for the enzyme 

L(-)-tyrosine decarboxylase adopted in this laboratory 

based on the various procedures employed in this studies 

consists of: enzyme extraction with the extraction buffer 

by ginding with alumina followed by centrifugation at 

15,000 x G for 15 minutes at 0°C; pH 5 precipitation with 

immediate heating to 55°C for 3 minutes followed by 

centrifugation at 15,000 x G for 20 minutes; adsorption 

with ’aged1 CP gel in suspension using 3:5 (v/v) of sus¬ 

pension to preceeding supernatant followed by centrifu¬ 

gation at 15,000 x G for 20 minutes after 10-minute 

equilibration; series of AS fractionations using solid AS 
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TABLE 8 

Heat Treatment of Crude Extract at pH 5.5 

Temper¬ Heating Protein % Recovery Specific Purifi¬ 

ature Period mg/ml of Activi¬ Activity cation 

°C minutes ty per ml Units/mq 

0 4.60 100% 0.1234+ 

50° 3 4.49 93% 0.1042 1.0 

55° 3 2.76 99% 0.2036 2.0 

0 in 
in 4 2.46 99% 0.2177 2.0 

55° 5 2.19 93% 0.2172 2.0 

0 O 
uo 2 1.88 77% 0.2321 2.0 

♦Specific activity of untreated crude extract 
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in all fractionations to 50%, 65%, 75%; precipitate of 

65% in water further brought to 52%, 58%, and finally to 

63% using the following conditions found optimum in all 

the fractionations: precipitation at pH 7 and at 0° + l°c, 

equilibration of at least 30 minutes followed by centri¬ 

fugation at 17,000 x G for 20 minutes at 0°C. 

Epps (26) obtained a 100-fold purification of the 

enzyme employing her original method of purification. 

But with a few modifications of the method we were able 

to obtain approximately 170-fold purification and these 

modifications are (1) grinding with alumina in the cold 

for enzyme extraction, (2) pH 5 precipitation immediately 

followed with heating to 55°C for 3 minutes, (3) employ¬ 

ing more CP 3:5 (v/v) for adsorption instead of the ori¬ 

ginal 1:5 (v/v), and (4) using sold AS rather than satur¬ 

ated solution of pH 7. 

o 
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TABLE 9 

Purification and Recovery obtained from Various Procedures 
employed in this purification 

Stage Vol- 
lume 
ml 

Total 

Units 

Total 
Protein 
mq 

%Reco- 

very 

Specific Puri< 

Activity Hi* 

Crude Extract 50 26.06 295 100% 0.0882 

pH & Heat treatment 47 21.05 71.32 81% 0.2951 3 

Combined Elutions 45 16.17 33.08 62% 0.4888 6 

50% Fraction 33 18.54 19.87 33% 0.4297 5 

65% Fraction 33 6.38 5.78 25% 1.1038 13 

75% Fraction 19 3.43 1.33 13% 2.5789 29 

52% Fraction* 11 3.17 0.81 12% 3.9135 44 

58% Fraction 10.5 1.66 L 0.44 6% 3.7727 43 

63% Fraction 9.5 1.04 0.07 4% 14.8571 168 

• Precipitate of 65% taken up with water and brought to 52% 
saturation 
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B. THE ANALOGUES AS SUBSTRATE 

Although the highest purification that we came up 

to was nearly 170-fold, a great deal of our studies in¬ 

volving the different analogues as substrate were made 

using the partially purified preparation. This was an 

alternative that I have to take because of the small 

yield (somewhere around 4-6%) at the final stage of the 

purification procedure. Since at least 50 ml of enzyme 

preparation were needed to be able to run a test on all 

of the 21 analogs plus the reference substrate in dupli¬ 

cates made me resort to use the partially purified prepa¬ 

ration at the stage where the volume recovery was meeting 

the need of the test. The purpose was to eliminate a 

few variants by using only one enzyme preparation each 

time the analogs were used as substrate for better com¬ 

parison of the results. However, preparations at the 

later stages of the purification were used for the 

studies of the properties of the enzyme. All tests with 

the analogs were accompanied with the reference substrate 

and because of the stereospecificity of the enzyme for 

the L-configuration necessitates that 24 jiM of the DL- 

forms be used per reaction mixture. The analogs were 

grouped according to structure similarities. 

In the hope to get an idea which of the analogs 

were having an affinity for the enzyme the initial runs 

were made using cell suspension. TABLE 10 shows the re¬ 

sults of the analogs tested with the cell suspension. 
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TABLE 10 

Analoques as substrate usinq cell suspension of 20 mq/ml 

Analoque Form 
Activity 
Units/ml 

Specific 
Activity 

Analoque 
Reference 

p-Nf^-phenylalanine L 0.1148 0.0387# 0.0905 

p-NIi^-phenyl alanine D 0.1321 0.0446 0.1044 

p-Br-phenylalanine DL 0.0833 0.0281 0.0657 

p-Cl-phenylalanine DL._, 0.0863 0.0291 0.0681 

o-F-pheny1alanine DL 0.0943 0.0318 0.0744 

m-F-pheny1alanine DL 0.0872 0.0294 0.0688 

p-F-pheny1alanine DL 0.0987 0.0333 0.0779 

p-NC^-phenylalanine L 0.0627 0.0211 0.0493 

p-NC^-phenylalanine D 0.0808 0.0272 0.0636 

3:5-diBr-tyrosine L 0.1368 0.0462 0.1081 

3:5-diI-tyro sine L 0.1908 0.0644 0.1507 

3:5-diNC>2~tyrosine L 0.0831 0.0280 0.0655 

alpha-OH-pheny1alanine L 0.0783 0.0264 0.0617 

p-OH-phenyllactic acid D? 0.0863 0.0291 0.0681 

S-KHg-tyrosine L 0.2608 0.0881 0.2062 

S-CH^O-tyrosine L 0.0933 0.0315 0.0737 

3-monoI-tyrosine L 0.1524 0.0514 0.1203 

3-N02~tyrosine L 0.1023 0.0345 0.0807 

4-CH 2“tryp toph an DL 0.0497 0.0167 0.0390 

S-CH^-tryptophan DL 0.0448 0.0151 0.0353 

6-CHo-tryptophan DL 0.0418 0.0141 0.0330 
• L(-)-tyrosine (Reference) L 1.2646 0.4272 
# protein concentration Of 2.' 96 mg/ml 
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Attention was centered on those whose specific acti¬ 

vity are very close to the reference substrate. While the 

original plan was just to concentrate on those analogs that 

have an affinity more than slightly for the enzyme I de¬ 

cided to test further all the analogs using the enzyme 

preparations from the first three stages of the purifi¬ 

cation since all of them were giving volume recoveries 

enough to meet the need for the tests of all the sub¬ 

strates. Results with the crude extract from grinding 

with alumina are in TABLE 11. It is a little surprising 

that the D-form of p-aminophenylalanine gave a slight 

output of CC>2 whereas the L-form did not at all. It 

was found later that the reaction time of 10 minutes 

\\ras not quite enough for some of the analogs, that when 

the reaction time was extended to 30 minutes, the L- 

form gave more CO 2 output than the D-form. TABLE 12 

shows the result obtained using the supernatant from the 

pH 5 precipitation with immediate heating to 55°C for 3 

minutes. 

Of the 21 analogs, there were apparently two that gave 

the least variation in specific activity ratio with the 

reference substrate. Whereas L-3-amino-tyrosine (3-ATy) 

was decarboxylated approximately 30% as much as L(-)- 

tyrosine as substrate, the rate of decarboxylation of 

L-3-monoiodo-tyrosine (3-ITy) was about half as much 

that of 3-Aty. 

The presence of the -NH2 group and iodine atom 
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together with the hydroxyl (-0H) group of the parent 

tyrosine at the meta-position in relation to the side 

chain seemed not to prevent decarboxylation although the 

rates were much slower. These findings are in agree¬ 

ment with the suggestion of Gale (31) that substitution 

in the substrate molecule in a position other than in 

ihe three essential polar groups slows but does not pre¬ 

vent decarboxylation. The need for the 2-point attach¬ 

ment between the substrate and the enzyme protein as im¬ 

plied by Gale for the enzyme to produce the effect of 

splitting off CC>2 from the substrate molecule is ap¬ 

parently met in the cases of these two analogs, that is, 

with the presence of two polar groups on the benzene 

rings in each of both 3-ATy and 3-ITy. 

The fact that 3-ATy was decarboxylated about twice 

as much as 3-ITy suggests that the active group of the 

enzyme fits more the space in between para-hydroxy and 

meta-amino substituted tyrosine than that between para- 

hydroxy and meta-iodine substituted derivative. This 

seemed to follow the same pattern of thought that was 

suggested by Blashko (11) wherein the active site of the 

bacterial decarboxylase was postulated to fit in the 

space between the p- and m-substituents of the substrate 

whereas that of mammalian enzyme fits that space be¬ 

tween the m- and o-substituents, see (FIGURE 6)., This 

then led to his conclusion that while bacterial enzyme 

decarboxylates both p- and m-substituted aromatic amino 
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TABLE 11 

Analogues as substrate using the Crude Extract 

Analogue Form 
Activity 
Units/ml 

Specific 
Activity 

Analogue 
Reference 

p-NI^-pheny 1 al anine L -' - - 

p-NHg-pheny1alanine D 0.0283 0.0045# 0.0380 

p-Br-pheny1alanine DL 0.0021 0.0003 - 

p-Cl-phenylalanine DL - - - 

o-F-pheny1alanine DL 0.0396 0.0063 0.0532 

m-F-phenylalanine DL 0.0651 0.0105 0.0887 

p-F-pheny1alanine DL 0.0272 0.0043 0.0363 

p-NC^-pheny1alanine L 0.0157 0.0025 0.0211 

p-NC^-pheny 1 al anine D 0.0537 0.0087 0.0735 

3:5-diBr-tyrosine L 0.0924 0.0149 0.1259 

3:5-diI-tyrosine L 0.0544 0.0087 0.0735 

3:S-diNOg-tyrosine L 0.0547 0.0088 0.0743 

alpha-OH-phenylalanine L 0.0316 0.0050 0.0422 

p-OH-phenyllactic acid D? 0.0108 0.0017 0.0143 

S-NHg-tyrosine L 0.1902 0.0306 0.2586 

S-CH^O-tyrosine L 0.0604 0.0097 0.0819 

3-monoI-tyrosine L 0.0841 0.0135 0.1141 

3-NC>2-tyrosine L 0.0539 0.0086 0.0726 

4-CH2~tryptophan DL 0.0421 0.0067 0.0566 

S-CH^-tryptophan DL 0.0436 0.0070 0.0591 

6-CH-,-tryptophan DL 0.0495 0.0079 0.0667 
* L(-)-tyrosine 
# Protein concentration 

L 
of 6. 

0.7336 
20 mg/ml 

0.1183 
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TABLE 12 

Analogues as Substrate using Supernatant from pH and Heating 

Analogue Form 
Activity 
Units/ml 

Specific Analogue 
Activity Reference* 

p-NHg-pheny1alanine L 0.0438 0.0405# 0.1054 

p-NHg-phenylalanine ; D 0.0388 0.0359 0.0934 

p-Sr-pheny1alanine DL 0.0262 0.0242 0.0629 

p—Cl-phenylalanine DL 0.0271 0.0250 0.0650 

o-F-phenylalanine DL 0.0302 0.0279 0.0726 

m-F—phenylalanine DL 0.0544 0.0503 0.1309 _ 

p-F-phenylalanine DL 0.0442 0.0409 0.1064 

p-I-JC^-phenyl alanine L 0.0736 0.0681 0.1772 

p-NOg-phenylalanine D 0.0646 0.0598 0.1556 

3:5-diBr-tyrosine L 0.0559 0.0517 0.1345 

3:5-diI-tyrosine L 0.0285 0.0263 0.0684 

3:S-diNOg-tyrosine L 0.0388 0.0359 0.0934 

alpha-OH-pheny1alanine L 0.0522 0.0483 0.1257 

p-OH-phenyllactic acid D? 0.0376 0.0348 0.0905 

S-NHg-tyrosine L 0.1304 0.1207 0.3141 

S-Ct^O-tyrosine L 0.0602 0.0557 0.1449 

3-monoI-tyrosine L 0.0576 0.0533 0.1387 

S-NOg-tyrosine L 0.0804 0.0744 0.1936 

4-CH2-tryptophan DL 0.0198 0.0183 0.0476 

S-CH^-tryptophanO DL 0.0441 0.0408 0.1061 

6-CH-, tryptophan DL 0.0227 0.0210 0.0546 
9 L(-)-tyrosine 
# Protein concentration 

L 
of 1. 

0.4150 
08 mg/ml 

0.3842 



79- 

acids, mammalian decarboxylase does the m- and o-sub- 

stituted ones. Note that both types of decarboxylases 

can decarboxylate ir.«substit\ited derivatives which im¬ 

plies the similarities but not the exactness of the two 

ensyme systems. 

Since L-3:4-DOPA was found by Epps (26) to be an 

alternate substx'ate for the ensyme L(~)-tyrosine decar¬ 

boxylase re-enforces the implications made by Slaschko 

about the proper positioning of these groups in the ben- 

sene ring which he then assumed to be involved in some 

type of attachment to the ensyme protein. The presence 

of oxygen atom (in the case of L-3:4-DOPA) and IT atom 

(in the case of 3-ATy) together with hydrogen atoms at 

the 3-position (relative to the side chain) of both L~ 

3:4-DOPA and 3-ATy strongly suggests the possibility of 

hydrogen-bond formation with some (polar?) groups (group) 

of the protein moiety of the ensyme as postulated by 

Bieschko (11). The fact that 3-ITv was also decarboxy- 

lated by the ensyme seems to indicate that the iodine 

atom at the 3-position of the molecule could possibly be 

forming another type of linkage with the ensyme protein. 

These observations seemed to suggest that both 3- 

ATy and 3-lTy are possible substrates for L(-)-tyrosine 

decarboxylase, but not until further studies using these 

two derivatives in parallel with the reference substrate, 

that definite conclusion can be safely drawn. However, 

the fact that both analogs are l.-form further attests 

stereospecificity of the ensyme. 

the 
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C. ENZYME PROPERTIES 

1. Variation of Enzyme Activity with pH 

A series of manometers was set up with the usual 

contents of standard b system of assay with buffer of pH 

3.5-6.5. Discrepancies because of the variation of the 

solubility of tyrosine with pH were avoided by keeping 

the tyrosine concentration that of a saturated solution 

at pH 5.5 at the temperature used. The optimum pH 
1 

found for the enzyme was 5.5 and (FIGURE 9) shows the vari¬ 

ation of the rate of decarboxylation of tyrosine with pH 

expressed in F1 CO2 per 5 minutes. 

2. Effect of Enzyme Concentration 

It was found that the rate of CC>2 production from 

tyrosine was directly proportional to the amount of enzyme 

over the range in the manometric tests. This is shown in 

(FIGURE 10). 

3. Effect of Coenzyme Concentration 

Before the actual start of the reaction, a preincu¬ 

bation of the enzyme in the presence of PALP was compared 

with one preincubated in the absence of PALP and the dif¬ 

ference if any between the two sets was not significant. 

Another series of manometers was set 'with the usual con¬ 

tents of the standard 1> system of assay but PALP and gave 

CC>2 production of only half as much as that with the PALP. 

The possibility that some catalytic metal ions may be 

present as contaminants from the chemical reagents used 

was shown from a set of reaction made with the usual con- 
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FIGURE 9. VARIATION OF L(-)-TYROSINE 

DECARBOXYLASE ACTIVITY WITH pH 
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FIGURE 10. Variation of L(-)-tyrosine Decar¬ 

boxylase Activity with Enzyme Concentration 
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tents of b system of assay except for the enzyme. Or 

putting it in another way, the reaction mixture was made 

up only of PALP-metal ion—amino acid systems just as in 

the non-enzymatic decarboxylation mechanism suggested by 

Metzler, Ikai^a, and Snell (59). TA3LE 13 has the results 

of all the tests involving the coenzyme. Varying concen¬ 

trations of the coenzyme were tested on the enzyme acti¬ 

vity and the variation is shown in (FIGURE 11) . 

TABLE 13 

Experiments Involving The Coenzyme Pyridoxal-5*-Phosphate 

Number + Or - co2 
Protein Specific 

of PALP Output mg/ml Activity 

Experiments jul/ml 

5 - PALP* 

J 1 '' ' liJ 1 ■ ' 

82.53 1.648 0.5007 

4 + PALP# 84.24 1.648 0.5111 

5 - PALP© 43.96 1.648 0.2667 

7 + PALP& 92.78 — — 

* Enzyme was preincubated in the absence of PALP 
# Enzyme was preincubated in the presence of PALP 
@ Reaction mixture with no PALP at all 
& Reaction mixture with PALP but no enzyme 

4. Enzyme Specificity 

a° The Role of the Coenzyme 

Vitamin deficient growth studies of animals and micro 

organisms have proven to be very effective tool in dis¬ 

covering the cofactor requirements of some of the enzyme 

systems. Gunsalus and Bellamy (37) were among those who 

made good use of this tool for establishing th|e role of vi 

tamin Bg in enzymatic decarboxylation of amino'' acids. They 
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FIGURE II. Variation of L(-)-tyrosine Decar¬ 

boxylase Activity with Coenzyme Cocentration 
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found that tyrosine decarboxylase activity of S. faecalis 

was dependent on the concentration of pyridoxine added 

to the culture medium and that streptococci grown in a 

pyridoxine-deficient medium are able to synthesize the 

decarboxylase apoenzyme but not the coenzyme. This co¬ 

enzyme formerly called "codecarboxylase" was later found 

to be PALP (38). Already there are three general types 

of reactions of PALP enzymes now known to occur: elimina 

tion or replacement of substituents on (1) the alpha-C 

which includes alpha-amino acid decarboxylases, (2) the 

beta-C which includes aspartate beta-decarboxylase (66), 

and (3) the gama-C which includes the synthesis of threo 

nine from o-phosphohomoserine (67). 

Recently, Nishimura et al. (65) discovered a unique 

action of PALP in the activation of a bacterial aspartate 

beta-decarboxylase, indicating two types of attachment of 

PALP to the apoenzyme. One type of bound PALP is non- 

dialyzable and essential for activity, but in itself does 

not impart activity to the enzyme and needs to be acti¬ 

vated by additional PALP. Epps (26) on the other hand 

noted that the coenzyme is loosely associated with the 

apoenzyme of L(-)-tyrosine decarboxylase rather than 

linked by a firm prosthetic group linkage. Our observa¬ 

tion implies the truth about Epps’ findings as shown on 

the variation of enzyme activity with coenzyme concentra¬ 

tions in (FIGURE 11). 

The presence of the three (out of the five features 
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of pyridoxal molecule) are essential for imine formation 

in both non-enzymatic and enzymatic decarboxylation of 

amino acids, namely: the carbonyl group, phenolic group, 

and ring nitrogen. Schiff base (imine) formation has 

been implicated to be an intermediate in both types of 

decarboxylation as proposed by Metsler, Ikawa, and Snell 

(59), and by Werle and Westheimer (54). 

The work of Lucas et al. (53) gave support for the 

suggestion that the coenzyme site for binding of sub- 
i   

strate may play an;important part in determining substrate 

specificity just as the "fit" on the apoenzyme protein 

has to be satisfied to bring about the reaction, 

b. The Role of the Apoenzyme 

The other two features of pyridoxal molecule which 

are both essential for enzymatic decarboxylation are the 

methyl group and the hydroxy-methyl group, or its phosphate 

ester. The difference between enzymatic and non-enzymatic 

amino acid decarboxylation is the requirement of PALP for 

enzyme catalysed amino acid decarboxylation while pyridoxal 

and metal ions will catalyze non-enzymatic decarboxylation. 

The phosphate group is not directly involved in the sug¬ 

gested mechanisms for amino acid decarboxylation but it 

has been implied to be a point of attachment to the enzyme. 

Up to the present time, there has been no definitive 

demonstration of the participation of metal ions in en¬ 

zymatic decarboxylation although such ions may be essen¬ 

tial for enzyme catalyzed decarboxylations. It is possi¬ 

ble that the specificity of the apoenzyme is related to 
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its ability to replace the catalytic role of these metal 

ions. The specificity of the amino acid decarboxylases 

would be determined by the availability of the coenzyme 

for interaction with the substrate to form the imines 

(postulated for the non-ensymatic decarboxylation) but 

would be limited by the nature and configuration of the 

apoenzyme moiety. Labilization of the carboxyl group of 

tlje amino acid is possible because of the electron- 

attracting heterocyclic N via the planar and conjugated 

system of double bonds extenting to the site of the re¬ 

action. Then hydrolysis yields the corresponding product 

amine and the enzyme. 

Although the nature of the forces at work between 

the substrate and enzyme protein is unknown, Blaschko 

(11) had implied that the phenolic group in the benzene 

ring reacts with the protein part of the decarboxylase 

system, it therefore follows that its position in the ben 

zene ring is of importance. The phenolic group has been 

suggested to be involved in hydrogen-bond formation and 

that the substrate must be held by a group in the enzyme. 

Sourkes (83) also suggested that the nature of the polar 

group on the apoenzyme may serve to form the hydrogen 

bonds with the functional groups of the substrate. 

Not until the nature of substrate-enzyme complexes 

are known, the type of the polar group (groups) that the 

apoenzyme has which is (are) responsible for complexing 

with the substrate, and the make-up of the apoenzyme it¬ 

self is, that, the question of substrate specificity can 
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real ly be fully understood. A highly purified enzyme 

system that has been thoroughly investigated will surely 

be able to uncover some if not all of these uncertainties* 

c. The Role of the Polar Group (Groups) 

The mechanism of amino acid decarboxylation calls 

for a combined participation of the following ’’must*’ 

groups in the substrate molecule. 

There is no doubt to the essentiality for the free 

alpha-NHg group in the substrate as this is the group 

A^bich is responsible for the formation of the imine in¬ 

termediate with the formyl group of the coenzyme prior to 

the decarboxylation. Equally essential is the configura¬ 

tion of the amino acid as the apoenzyme moiety decarboxy— 

lates only the L-forms of the amino acids, Likewise, 

the presence of free alpha-COOH group in the amino acid 

is just as important since this portion of the substrate 

molecule is the site of reaction. The final thing of im¬ 

portance is the presence of a third polar group in the sub 

strate which combines with the enzyme protein. It there¬ 

fore suggests that the nature of this polar group will de¬ 

cide whether decarboxylation will take place or not. 

Gale (30) in 1946 suggested that for the decarboxy¬ 

lation reaction to proceed, the integrity of this third 

polar group must be preserved because either alteration 

or substitution of this group would stop the decarboxyl¬ 

ation. However, neither substitution of hydroxyl groups 

in the substrate molecule in a position other than in the 

three essential polar groups would prevent the decarboxyl- 
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ation; nor introduction of two polar groups inhibits the 

decarboxylation. He further attested that there is a need 

for a two-point attachment between the substrate and the 

enzyme protein in order for the enzyme to produce the 

strain necessary to result in the splitting off a C02 

from the -COOH group of the substrate molecule hence 

the need for the presence of two polar groups in the 

right stereochemical relation is necessary. This is in 

agreement with the suggestion of Sourkes (83) that the 

relative position of the two hydroxyl groups plays a 

role although the factors determining the specific rate 

of decarboxylation are not absolutely clear. 

The difference between the affinities of bacterial 

(marked preference for L-tyrosine) and mammalian decar¬ 

boxylases as pointed by Blaschko (10) and by Sloane 

Stanley (77) was because of the structural difference 

in the enzyme proteins. This only further strengthens 

the suggestion that the location of the phenolic hy¬ 

droxyl group (groups) in relation to the side chain of 

the substrate molecule is one of the factors which govern 

the enzyme-substrate relationship, thus determines the 

specificity. 



-87- 

IV.. BIBLIOGRAPHY 

1. M. D. Armstrong and K. N. F. Shaw, Studies on 
Phenylketonuria III. The Metabolism of o-tyrosine. 
J. Biol. Chem. 213, 805-811 (1955). 

2. M. D. Armstrong, K. N. F. Shaw and K. S. Robinson, 
Studies on Phenylketonuria II. The Excretion of 
o-hydroxyphenylacetic acid in Phenylketonuria. J. 
Biol. Chem. 213, 797-804 (1955). 

3. J. Awapara, R. P. Sandman and C. Hanly, Activation 
of DOPA Decarboxylase by Pyridoxal Phosphate. Arch. 
Biochem. Biophys. 98, 520-525 (1962). 

4. J. Baddiley and E. F. Gale, Codecarboxylase Function 
of ’Pyridoxal Phosphate'. Nature 155, 727-728 (1945). 

5. R. V. Baker, M. S. C. Birbeck, H. Blaschko, T. B. 
Fitzpatrick and M. Seiji, Melanin Granules and 
Mitochondria. Nature 187, 392-394 (I960). 

6. IE. Blaschko, The Specific Action of L(-)~D0PA Decar¬ 
boxylase. J. Physiol. 96, 50P-51P (1939). 

7. H. Blaschko, L-cysteic Acid Decarboxylase. Biochem. 
J. 36, 571-574 (1942). 

8. H. Blaschko, Carboxylases of Mammalian Tissues. In: 
Advances in Enzymoloqy, edited by F. F. Word, (Inter¬ 
science Publishers, New York 1945) Vol. V, pp. 67-85. 

9. H. Blaschko, The Decarboxylation of o-hydroxyphenylala¬ 
nine. Biochem. J. 44, 268-270 (1949). 

10. H. Blaschko, Substrate Specificity of Amino Acid De¬ 
carboxylases. Biochem. Biophys. Acta 4, 130-137 (1950). 

11. H. Blaschko, Chemical Control of Nervous Activity E. 
Adrenalin and Sympathin. In: Hormones, Phydiology, 
Chemistry, and Applications (Academic Press, New York 
1950) Vol. 2, pp. 601-631. 

12. H. Blaschko, The Development of Current Concepts of 
Catecholamine Formation. Pharmacol. Review 11, 307- 
316 (1959). 

13. H. Blaschko and T. L. Chrusciel, The Decarboxylation 
of Amino Acids Related to Tyrosine and Their Awaken¬ 
ing Action in Reserpine-treated Mice. J. Physiol. 151, 
272-284 (1960). 

H. Blaschko, P. Holton and G. H. Sloane Stanley, 14. 



-88- 

Enzymatic Formation of Pressor Amines* J. Physiol. 
108* 427-439 (1949). 

15. A. E. Braunstein, Pyridoxal Phosphate. In: The En¬ 
zymes* edited by P. D. Boyer, H. Lardy and K* Myrback, 
(Academic Press, New York 1960) Vol. 2, 2nd edition, 
pp. 113-184. 

16. H. N. Christensen, Three Schiff base Types Formed by 
Amino Acids, Peptides, and Proteins with Pyridoxal 
and Pyridoxal-5’-phosphate. J. Am. Chem. Soc. 80* 
99-105 (1958). 

17. C. T. Clark, H. Weissbach and S. Udenfriend, 5- 
Hydroxytryptophan: Preparation and Properties. J. 
Biol. Chem. 210* 139-148 (1954). 

18. V. E. Davis, Mammalian Amino Acid Decarboxylases. 
Dissertation, Rice University, Houston, Texas (1960). 

19. V. E. Davis, Effect of Cortisone and Thyroxine on 
Aromatic Acid Decarboxylation. Endocrinology 72* 
33-38 (1963). 

20. M. Dixon and E. G. Webb, Enzyme Fractionation by 
Salting-out: a Theoretical Note. In: Advances in 
Protein Chemistry. Vol. 16, pp. 197-219 "’(1961). 

21. K. A. C. Elliot and M. Henry, Calcium Phosphate Gel. 
In: Methods in Enzymoloqy* edited by S. P. Colo wick 
and N. O. Kaplan (Academic Press, New York 1955) Vol. 
I, p. 98. 

22. H. M. R. Epps, Studies on Bacterial Amino Acid De¬ 
carboxylases 2. L(-)-tyrosine Decarboxylase from 
Streptococcus faecalis. Biochem. J. 38* 242-249 
(1944). 

23. J. H. Fellman and H. K. Devlin, Concentration and 
Hydroxylation of Free Phenylalanine in Adrenal 
Glands. Biochim. biophys. Acta 28* 328-332 (1958). 

‘ ' ..' -\v j 

24. E. F. Gale, The Production of Amines by Bacteria 2. ,j 
The Production of Tyramine by Streptococcus faecalis. , 
Biochem. J. 34* 846-857 (1940). ! 

25. E. F. Gale, The Bacterial Amino Acid Decarboxylases. 
In: Advances in Enzymoloqy* edited by F. F. Nord 
(Interscience Publishers, New York 1946) Vol. VI. I 
pp. 1-32. * :1 

26. E. F. Gale, The Use of Enzyme Preparations from Bac- I 

4irivii0Q947)EStimati0n °f Amino Acids« Biochem. J. 



..-89 

27. E. P. Gale and H. M. R. Epps, (L(+)-lysine Decarboxy¬ 
lase. Biochem. J. 38. 232-249 (1944). 

28. E. F. Gale and H. M. R. Epps, Studies on Bacterial 
Amino Acid Decarboxylases 3. Distribution and Prepa¬ 
ration of Codecarboxylase. Biochem. J. 38. 250-256 
(1944). 

29. A. E. Garrod, K. C. M. G», Errors of Metabolism & 
Inborn Factors in Infective Diseases. In: The 
Inborn Factors in Disease (Clarendon Press, Oxford 
193lTpp. 96-131. 

30. M. Goodall and N. Kirshner, Biosynthesis of Adrena¬ 
line and Noradrenaline in vitro. J. Biol. Chem. 
226. 213-221 (1957). 

31. I. C. Gunsalus and W. D. Bellamy, A Function of 
Pyridoxal. J. Biol. Chem. 155. 357-358 (1944). 

32. I. C. Gunsalus and W. D. Bellamy, The Function of 
Pyridoxine and Pyridoxine Derivatives in the Decarb¬ 
oxylation of Tyrosine. J. Biol. Chem. 155. 557-563 
(1944). 

33. I. C. Gunsalus, W. D. Bellamy and VJ. W. Umbreit, A 
Phosphorylated Derivative of Pyridoxal as the Coen¬ 
zyme of Tyrosine Decarboxylase. J. Biol. Chem. 155. 
685-686 (1944). 

34. S. Gurin and A. M. Delluva, The Biological Synthesis 
of Radioactive Adrenalin from Phenylalanine. J. 
Biol. Chem. 170. 545-550 (1947). 

35. W. C. Hanly, DOPA Decarboxylase Purification and 
Properties. Dissertation, Rice University, Houston, 
Texas (1964). 

36. S. A. Harris, D. Heyl and K. Folkers, The Vitamin Bg 
Group II. The Structure and Synthesis of Pyridoxa- 
mine and Pyridoxal. J. Am. Chem. Soc. 66. 2088-2092 
(1944). 

37. P. Holtz, R. Heise and K. Ludtke, Fermentativer 
Abbau von 1-Dioxyphenylalanin (DOPA) Durch Niere. 
Arch. exp. Path. Pharmak. 191. 87-118 (1938). 

38. Y. Kakimoto and M. D. Armstrong, The Phenolic Amines 
of Human Urine. J. Biol. Chem. 237. 208-214 (1962). 

39. N. Kirshner, Pathway of Noradrenaline Formation from 
DOPA. J. Biol. Chem. 226. 821-825 (1957). 

40. R. Kuntzman, P. A. Shore, D. Bogdanski and B. B. 



-90 

Brodie, Microanalytical Procedures for Fluorometric 
Assay of Brain DOPA - 5HTP Decarboxylase, Norepineph¬ 
rine and Serotonin, and A Detailed Mapping of Decarb¬ 
oxylase Activity in Brain* J* Meurochem. 6, 226-232 
(1961). “ 

41. C. A. Lang, Simple Microdetermination of Kjeldahl 
Nitrogen in Biological Materials. Anal. Chem. 30, 
1692-1694 (1958). 

42. G. Leaf and A. Neuberger, The Preparation of Homo- 
gentisic Acid and of 2:5-Dihydroxyphenlalanine. 
Biochem. J. 43, 599-610 (1948). 

43. H. Lineweaver and D. Burk, Determination of; Enzyme 
Dissociation Constants. J. Am. Chem. Soc. 56, 658- 
666 (1934). 

44. VJ. Lovenberg, J. B arch as, H. Weissbach and S. Uden- 
friend, Characteristics of the Inhibition of Aromatic 
L-Amino Acid Decarboxylase by Alpha-methylamino Acids. 
Arch. Biochem. Biophys. 103. 9-14 (1963). 

45. VJ. Lovenberg, H. Weissbach and S. Udenfriend, Aro¬ 
matic L-amino Acid Decarboxylase. J. Biol. Chem. 
237. 89-92 (1962). 

46. O. H. Lowry, N. J. Rosebrough, A. L. Farr and R. J. 
Randall, Protein Measurement v/ith the Folin Phenol 
Reagent. J. Biol. Chem. 193, 265-275 (1951). 

47. N. Lucas, H. K. King and S. J. Brown, Substrate At¬ 
tachment in Enzymes. The Interaction of Pyridoxal 
Phosphate with Amino Acids. Biochem. J. 84, 118- 
124 (1962). 

48. S. Mandeles, R. Koppelman and M. E. Hanke, Deuterium 
Studies on the Mechanism of Enzymatic Amino Acid De¬ 
carboxylation. J. Biol. Chem. 209, 327-336 (1954). 

49. Y. Matsuo, Formation of Schiff bases of Pyridoxal 
Phosphate Reaction with Metal Ions. J. Am. Chem. 
Soc. 79, 2011-2015 (1957). 

50. G. Medes, A New Error of Tyrosine Metabolism: 
Tyrosinosis. The Intermediary Metabolism of Tyro¬ 
sine and Phenylalanine. Biochem. J. 26, 917-940 
(1932). 

51. D. E. Metzler, Equilibria Bettjeen Pyridoxal and Amino 
Acids and Their Imines. J. Am. Chem. Soc. 79, 485- 
490 (1957). 

52. D. E. Metzler, M. Ikawa and E. E. Snell, A General 



-91- 

Mechanism for Vitamin Bs-catalyzed Reactions* J. 
Am. Chem. Soc. 76, 648-652 (1954). 

53. C. Mitoma, H. S. Posner, D. F. Bogdanski and S. 
Udenfriend, Biochemical and Pharmacological Studies 
on o-tyrosine and Its m- and p-analogues. A sug¬ 
gestion Concerning Phenylketonuria. J. Pharmacol, 
and Exper. Therap. 120, 188-194 (1957). 

54. A. Neuberger, C. Rimington and J. M» G. Wilson, 
Studies on Alkaptonuria 2. Investigations on a Case 
of Human Alkaptonuria. Biochem. J. 41, 438-449 (1947). 

55. A. Neuberger and F. Sanger, The Availability of 
Epsilon-acetyl-d-lysine and Epsilom-methyl-dl-lysine 
for Growth. Biochem. J. 38, 125-129 (1944). 

56. J. S. Nishimura, J. M. Manning and A. Meister, Studies 
on the Mechanism of Activation of Aspartic Acid Beta- 
decarboxylase by Alpha-keto Acids and Pyridoxal-5'- 
phosphate. Biochemistry JL, 442—447 (1962). 

57. A. Novogrodsky and A. Meister, Control of Aspartate 
Beta-decarboxylase Activity by Transamination. J. 
Biol. Chem. 239, 879-888 (1964). 

58. A. M. Perault, B. Pullman and C. Valdomero, Electron¬ 
ic Aspects of the Reactions of Pyridoxal Phosphate 
Enzymes. Biochim. biophys. Acta 46, 555-575 (1961). 

59. H. S. Raper, The Tyrosinase-Tyrosine Reaction V. 
Production of L-3:4-Dihydroxyphenylalanine from 
Tyrosine. Biochem. J. 20, 735-742 (1926). 

60. J. D. Reid and D. M. Shepherd, Decarboxylase Activi¬ 
ties in Tissues of Tryptophan-deficient Rats. Biochim* 
Biophys. Acta. 81, 560-564 (1964). 

61. E. Rosengren, Are Dihydroxyphenylalanine Decarboxy¬ 
lase and 5-Hydroxytryptophan Decarboxylase Individual 
Enzymes?' Acta Physiol. Scand. 49^, 364-369 (1960). 

62. W. Sacks, A Cerebral Decarboxylase for 5-Hydroxytrypto- 
phane in Humans. J. Appl. Physiol. 16, 1050-1054 (1961). 

63. O. Schales, Amino Acid Decarboxylases. In: The En¬ 
zymes, edited by J. B. Slimmer and K. Myrback (Aca- 
demic Press, New York 1951) Vol. 2, 1st edition, pp. 
216-247. 

64. L. V. G. Schirch and M. Mason, Serine Transhydroxy- 
methelase. J. Biol. Chem. 238, 1032-1037 (1963). 

• R. Shukuya and G« W. Schwert, Glutamic Acid Decarboxy- 65 



-92- 

lase I. Isolation Procedures and Properties of the 
Enzyme. J..Biol. Chem. 235. 1649-1661 (1960). 

66. A. Sjoerdsma, H. Weissbach and S. Udenfriend, A 
Clinical, Physiologic and Biochemical Study of 
Patients with Malignant Carcinoid (Argentaffinoma). 
Am. J. Med. 2£, 520-532 (1956).lb 

67. G. H. Sloane Stanley, The Substrate Specificty of 
the Tyrosine Decarboxylase of Streptococcus faecalis. 
Biochem. J. 44, 373-377 (1949). 

68. G. H. Sloane Stanley, The Use of the Tyrosine 
Apodecarboxylase of Streptococcus faecal is Ft for 
the Estimation of Codecarboxylase. Biochem. J. 
44, 567-573 (1949). 

69. E; E. Snell, The Vitamin Bg Group V. The Reversible 
Interconversion of Pyridoxal and Pyridoxamine by , 
Transamination Reactions. J. Am. Chem. Soc. 67. 194- 
197 (1945). 

70. E. E. Snell, Chemical Structure in Relation to Bio¬ 
logical Activities of Vitamin Bg. In; Vitamins and 
Hormones, edited by R. S. Harris, G. F. Marrian, 
and K, V. Thimann (Academic Press, New York 1958). 
Vol XVI, pp. 77-125. 

71. E. E. Snell and A. N. Rannefield, The Vitamin Bg 
Group III. The Vitamin Activity of Pyridoxal and 
Pyridoxamine for Various Organisms. J. Biol. Chem. 
157. 475-489 (1945). 

72. T. L. Sourkes, Inhibition of DOPA Decarboxylase by 
Derivatives of Phenylalanine. Arch. Biochem. Bio- 
phys. 51, 444-456 (1954). 

73. T. L. Sourkes, Enzymatic Decarboxylation of 2;6- 
and 2;3-Dihydroxyphenylalanine. Canad. J. Biochem. 
and Physiol. 32, 515-518 (1954). 

74. T. L. Sourkes, P. Heneage, and Y. Trano, Enzymatic 
Decarboxylation of Isomers and Derivatives of DOPA. 
Biophys. 40, 185-193 (1952). 

75. H. Staub, Histaminamie Nach Adrenalin, Experentia _2, 
29-30 (1946). 

76. C. R. Sutton and H. K. King, Inhibition of Leucine 
Decarboxylase by Thiol-binding Reagents. Arch. 
Biochem. Biophys. 96. 360-370 (1962). 

77* S. Udenfriend and S. P. Bessraan, The Hydroxy1ation of 
Phenylalanine and Antipyrine in! Phenylpyru'vic Oligo- 



-93- 

phrenia. J. Biol. Chen. 203, 961-966 (1953). 

73. S. Udenfriend and J. R. Cooper, The Enzymatic Con¬ 
version of Phenylalanine to Tyrosine. J. Biol. 
Chen. 194, 503-511 (1952). 

79. 3. Udenfriend and J. 3. Wyngaarden, Precursors of 
Adrenal Epinephrine and Norepinephrine in vivo, 
Biochim. Biophys. Acta 20, 48-52 (1956). 

80. W. W. Umbreit, R. H. Harris and J. ?. Stauffer, 
Grinding with Powdered Glass or Alumina. Ins Hano- 
metric Technique (Burgess Publishing, Minnesota 
1964) "4tb edition, pp. 6, 143-144. 

81. V. du Vigneaud, M. Cohn, J. P. Chandler, V. R. 
SchencJc and 5. Simmonds, The Utilization of the 
Methyl Group of Methionine in the Biological Syn¬ 
thesis of Choline and Creatine. J. Biol. Chem. 
140, 625-641 (1941). 

82. A. I. Virtanen and T. Laine, The Decarboxylation of 
d-lysine and L-aspartic Acid. Ensymologia J3, 266- 
270 (1937). 

83. U. S. Von Euler and S. Hellner, Excretion of Nora¬ 
drenaline, Adrenaline and Hydroxytyramine in Urine. 
Acta Physiol. Scand. 22, 161-167 (1951). 

84. H. Weissbach, W. Lovenberg, and S. Udenfriend, En¬ 
zymatic Decarboxylation of Alpha-methylamino Acids. 
Biochem. Biophys. Res. Commun. 3_, 225-227 (1960). 

85. A. White, P. Handler and E. L. Smith, Skin, In: 
Principles of Biochemistry (McGraw-Hill, New York 
1964) 3rd edition, pp. 822-824. 


