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I. INTRODUCTION

The amino acid, tyrosine, has been shown to be a con=-
stituent of many important and necessary proteln molecules,
The sctivity of many of these proteln msleaulas; such as en~
zymes, hormones, and antibodies, has been eorrelated with
the presence and availability of free hydroxyl groups of
tyrosine., It is natural, therefors, thaé the biochemist
should wish to know as completely as possible the metabolic
handling of this amino acid by the normal anlimal orgenism.
That he does not know more completely the intermediary metab-
olism of tyrosine is not due to lack of experimentation, but
rather to the extreme difficulty encountered in l1solating the
several components of the system or systems involved., Neie
ther the enzyme systems participating in the oxidation of
tyrosine nor many of the normal intermediate compounds have
been isolated in sufficient purity.

It has been shown that tyrosine 1s oxidatlvely deamiw
nated by the L~amino acid oxidase systems of rat liver and
kidney. on the other hend, there has also been ample evi-
dence obtained to prove that ammonia is not liberated in
the oxidation of tyrosine by rat and guinea pig liver and
kidney. Since no conclusive evidence has been obtained as
to the ability of tyrosine to participate in the transami~
nase system, the gquestion has arisen and is still unanswered:

what happens to the nitrogen of the amino acid when oxidation
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takes place in normal orgens?

The metabolism of tyragine héa been studled under a
great variety of conditions. The discovery that complete
oxidation of tyrosirne is prevented or deranged in an hered-
itary abnormelity called alcaptonuria provided the first
general point of attack on the problem. The discovery that
the oxidation of tyrosine in & normal organism is dependent
upon the presence of an adequate amount of ?itamia c has
been a second major point of attack, Application of these
two relationships to feeding axgerimsnta,,nitragen balance
experiments, and manometric experiments has supplied many of
the answers aaugkt. |
| There is no doubt but that the use of isotopic atoms in-
eorporated into the amino acid molecule constitutes a third
major point of attack. Experiments with radiocactive carbon
in the tyrosine molecule have already been repnrted; and it
is now known that the alpha~ and beta-carbon atoms of the
side chain and two adjacent carbon atoms of the benzene ring
of the tyrosine molecule f@zﬁ a&e%@aceﬁie‘aei& when this
amino acid is incubated with liver slices, Further; one is
enabled to give a'fairly accurate hypothesis as to the mech=
anism of suech a transformation.

No such catabolic experiments have been reported with
the use of isotopic nitragaa;,ﬁi5. We have therefore anﬂgr-
taken to syntheslize tyrosine containing isotopie nitrogen,

resolve it to obtain the natural isomer, and conduct experie



ments designed to indicate the fate of the niﬁrogen of the
amino acid when it is oxidized by animal tissues.

It is felt that application of all three of the general
points enumerated above should furnish Information whieh will
go far to elucidate the probable physiologleal pathways of

tyrosine metabollsm,



II. HISTORICAL
A+ The Netabolism of Tyrosine and Phenylalanine

in Alesptonuria.

,Althaagh gyraaiﬁa~was first isclated in 1846; it was
aluost fifty years before any olues were obtained as to
its fate in the animal organism, Wolkow and Baumann (1);
in,lsgl;'isalata& homogentisic acld from the urine of an
aleaptonuric patient and proved that it arose from tyro-
sine, | .

The history of alcaptonuria dates back to 1861; when
BBdeker (2) found a reducing substance in the urine of one
of his patients whieh was shown not to be sugar. The urine
of this @atient; when made alkaline end shaken;with air;
turned a dark brown color analogously to tannic aaid;kpyrcu
gallic acid, or hydroquinone. BBdeker isolated the sub-
stance responsible for these properties in aomawhat‘impura
form by preecipitating with basic lead acetate, decomposing
the precipitate with hydrogen aulfiﬁa; concentrating the
filtrate and extractimg with ether. He was unable to iden-
tify the substance ghemiaally; and named it *alkapton®,

Flirbringer (3), working at Eaiﬁalberg; reported the
qualitative examination of arine fraa.aa.a&eapﬁanuri@; and
with no experimental proof decided the substance in the
urine was pyrocatechol. Fleischer (1) examined the urine of

a patient who had been administered large amounts of sali-
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child had a cold or some other slight allment, It might
be well to point out that pyroecatechol, protocatechuie
acld, and oxyphenlic acid are all the same compound--the
eompound now known as catechol,

Moving over to England, Kirk (9), in 1886, reported
results of hls observations on three young chlldren in
one family with alcaptonuria; an older brother and the
parents were all apparently normal, Using the isolation
procedure of Ebstein and Miller (5) he obtained a sub-
gtance from the urine similar to protocatechuie acid in
its properties., However, comparison with authentlec
samples of both pyrocatechol and protocatechuic acld
made Kirk decide that he had something entirely different,
So he tried another method of isolation. He acidified
the urine with hydrochloric acid and extracted wlth ether,
The ether was evaporated off, leaving large stellate
groups of crystals, Thls acid was very soluble in water
and ether, giving yellow solutions, It reduced alkaline
copper solutions, darkened in the presence of alkalies,
and absorbed moisture when exposed to air, A solution
of it gave a very transitory green color with ferriec
chloride., BSince he could not identify this acid with
any known to him, he names it "urrhodinic acid®,

Brune (10), attempting to repeat Smith's work, iso-
lated a substance which he could not identify as proto-

catechule aclid, He considered the substances described
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by B%daker;~ﬁbsteia and Miller, gmith, and Kirk were all
identical. Since the subjeet furnishing the urine was and
had been in axseil@nt haalth; Brune considered the excretion
of this compound haa no pathological significance.

Yarshall (11}, at the University of Fﬁnnayivania, iso=-
lated this reducing substance from the urine of an essential-
ly well man as the lead salt., He found this substance to
have about five times the reducing properties of glucose.
Although it resembled Kirk's urrhodinic acid, he felt that
it was not the same., He suggested as a name for this acid;
#glycosurice seid”,

Kirk (12) later found that his urrhodinie acid was a
mixture of two or more compounds. ¥From this mixture he isoe-
lated a substance melting at»1339;~eglcrleﬁs erystals; ana-
lyzing Ggﬁlaﬂs. He named this compound ®*uroleucine scidw,

With this background Wolkow and Baumann (1) finally ob- .
tained what we know now to be the correct answer to the
problem. They isolated a substance from alcaptone urine which
they ldentified as hydroquinone acetic acid, Their iso-
lation procedure was similar to XKirk's and Marshall's, They
acidified the urine with sulfurle acid and extracted with
ether. The oll left on evaporation of the ether waa dig-
solved in water and lead acetate added. The lead salt of
the acid was filtered and washeﬁ; suspended in water and de-
compoged with hydrogen sulfide., The filtrate was bolled to

expel the hydrogen sulfide and the solution concentrated to
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erystallization, They did an elementary analysis of the com-
pound, finding CgHyOy Hz0s It melted at 146.5=-1L7°, gave a
‘blue color with ferric chloride, reduced silver nitrate but
not bismuth salts, and gave a dark brown color with alkeli,
They showed it to be a mono~basic aei&; and to have tWwo hy-
droxyl groups. Of the possibilities allowed from the fore-
going facts, they eliminated methylgentisic acid by a po=-
tassium &yﬁrexi&a'fasion; frﬁm'whiah they obtalined gentisic
acid and a little hydroguinone, Thus they concluded that
they hed hydrogquincneacetic acid., Since this compound 1is
‘the next higher homologue of gentisic aai&; they named the
compound homogentisie acid. They made the lead s&lt; the
ethyl‘estar; and the lactone of the acid, and proved the
structure of the aeld by synthesis. They then showed by
feeding tyrosine to the aleaptonuric that this amino acid
was the source of the homogentisic acid. ' They considered
Kirk's uroleueine acld to be a trihydroxyphenyl propionic
éaid; Huppert (13) showed later by gqualitative tests and
dégradatian studles that uroleucine acid was actually hydro=-
quinone lactic acld:

OH

| CHaCHCOOH
OH ‘ OB
Heyer (14), in 1931, reported some metabolic experiments
on an alecaptonurie, feeding tyraaine and analyzing'q&anti-

tatively for homogentisic acid, total acidity, total sulfate,
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inorganic sulfate, ethereal sulfate, and ammonia in the urine.
He was surprised to fiﬁé that ai%haagh'h?ﬁ%ﬁgainané an&(gan-
tisic acid are aﬁéraﬁeé as eaajﬁgataﬁ‘ethéréal sulfatea, homo-
gentisic acid is exoreted as the sodium salt, As a result of
‘his investigations and ébaarV&tiéné; he concluded that al-
captonuria is not a harmful condition to the organism,

In 1903 Falta and Léxgaﬁain {15) ahaxaeta§izaﬁ aleaptannt
uria as the axaretian‘af hamagéatiSia acid and, in rare cases,
also uroleucine aaiﬁ; They reported that phenylaléniae also
is converted to ha&agantisie=aaié‘in'thﬁ.aléaptsnarie, From
Lephenylalanine they abtaineé; ﬁﬁ)& welght basis, 90% con~
version to homogentisiec acild {i.a.; 5 8« ﬁf‘LwﬁhsﬁylalQnine
gave L.47 g« of homogentisic acid in the urine). From DL~
phenylal&nine they obtained a 50% eonversion to hﬁmﬁgentisié
acid, Apyarantly; altheﬁgﬂyit is known that D-phenylalanine
may replace the natural L-isomer for growth purposes in the
normal organism, the D-isomer is not handled in the same way
as the Leigomer in the aleaptonuric.

Reubauer and Falta (16}, in 1904, undertook a system=
atie gpproach Lo the aiaaptanaria’pr&blam;’ They divided aro~
matic acids into the following groups for testing purposes
in an alcaptonuric: non-oxidized aromatic acids (phenylacetic
acid, phenyiyrépiﬁﬁie acid, and cinnamic acid); mono~-phenol
aromatic acids {p~hydroxyeinnamic aaié; O-hydroxyeinnamic
aeid, snd eﬁamaria; the lactone of o~hydroxycinnamic acid);
arometic acids hydroxylated in the side chain (phenyleo(-
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lactie aoi&; phenyl~/Jd~lactic acid, phenylglyceric acid,
éna phenylpyruvic acid); and aromatic acids hydroxylated
twice in the aromatic nucleus {(gentisie acid, 2,4~dihy- .
droxybenzoic acia; protocatechuic acid, and caffeic acid).
of all'tnesa; the only compounds yielding homogentisic
acid were found to be phenyl-L~-lactic acid and phenyl
pyruvic acid. These results led them to some interesting
conclumions on the catabolism of aromatic amino acids,
Inasmuch as phenyl-«L=-lactic acld was converted to homo-
gentisic aaié; they assumed that these L~hydroxy aclds
ocourred in the organlsm of alcsptonurics as intermediate
products of degradation of aromatic amino acids derived
from proteins. This being aeesptaa; the phenylpyruviec
acid was considered to undergo reduction to the corres-
ponding lactic acid in order to be converted further into
homogentisic acid. In the case of tyrusiﬂe; tnen; they
had to assume that either it underweat a reduction to
phenylalanine followed by oxidation in the 2« and 5~ po=-
sitions in order to produce homogentisic acld, @r; what
is more likely, thet a simple displacement of the hy=-
droxyl group or of the side chain takes place. Applying
the principle that the most simple sufficient explana-
tion is acourate, they belleved that the oxidation of
aromatic amino acids in the no?mal organism follows the
path of the aleaptone acids, and that the disturbance

in aleaptonuria consists only in a hindrance of metabolism
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which stops the degradation at this point. Also, they
theorized that normally the further degradation of these
aiaagtone acids does not start in the side chain; they
thought that the process which altered the benzene ring
by the introduction of two hydroxyl groups in the 2,5«
positions progresses further to the final rupturing of
the ring.

Later, Neubauer (17} found that p-hydroxyphenyle- L~
lactic acid, in contrast to phenyl-o(~-lactic acid, does
not increase homogentisic acid produetion in the alcapton-
uric. He also found (18) that the p-hydroxyphenyl-o(-
lactic aaia; when perfused through a surviving dog liver,
does not produce acetone bodles, whereas p-hydroxyphenyl
pyruvia acld does; he therefore formed the opinlon that
the first step in amino acld degradation is oxidative de-
amination to the corresponding keto aeiﬁ; and not hydro-
lytic d@amin&tian to the corresponding hydroxy acld.

In 1906, Embﬁan; Salomon and Sehmidt (19) intreduced
a new technique for studying the alcaptone problem. They
were investigating the aﬁility of a great variety of sub-
stances to form acetone when mixed with blood and perfused
through an isolated dog liver. They found that tyrosine,
phenylalanine, phenyl~ A-lactic aaié; and homogentisic
acid all increased ﬁignifia&ntly the acetone content of
the effluent, On the other hand; phenylacetic aeiﬁ;
phenylpropionic aeid; ¢innamic aa&d; and phaayiféiylactia
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acid do not produce -acetone under similer conditions.
They were ineclined to support the view then held by Neu-
baaar; that the cataboliesm of amino acids proceeded through
deamination with production of the corresponding hydroxy
aaid; followed by further oxldation to produce acetone
bodies, and ultimately eérhan dioxide and water,

Further proof of the ketogenice nature of phenylala-
nine and tyrosine was provided by Baer and Blum (20},
who fed phenylaslanine and tyrosine to & ﬁiabetia;~anﬁ
found incrsased ketone body excretion in the urine,

Blum (21), im 1908, discussed the possible mecha-
nismg involved in the production of homogentisie acid
from tyrosine, He considered three changes to be in-
volved: 1) degraedation of the side chaln ~CHpCH{NH,)COOH—>
~CHoCOOH; 2} a shift in the position of the side chain
relative to the hydroxyl group; and 3) oxidation of the
nucleus by introduction of an hydroxyl group. In the first
instence, tyrosine could concelvably be degraded to p-hydroxy=-
phenylacetlie acid or p-hydroxyphenylpropionic acid:

—> HOCgH, CH,CO0H
HOGH, CH,,CH ( H, ) COOH——
L HOC gH, CH,CH,,C00K

4
He disposed of these possibilities by showing that the nor-
mal organism exeretes 13% of a test dose of hydropara-

coumaric acid unchanged and 13% of it as p~-hydroxybenzoie
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acid (conjugated with glyeine);_gfnyﬁrﬁxyyhanylaeetia acid
is excreted about 79% unchanged. In the aloaptonurie,
naitnar'givesriae to homogentisle agid.

- In the mecond change considered, there was the possie
bility of tyrosine being converted to o-tyrosine or m-tyro=-
sine; with oxidation and degradation of the slde~chain follovie

ing:
OH OH , oH |
: ‘ : or ﬁgggsﬁeﬁ
‘ g Oc CHCOOH 2
CH,, CHCOOH
R R |

2
Hawever; Blum showed that neither 9= nor m-tyrosine gives
homggantisia éeid in the alcaptonurig; in’the normal or-
ganism they both are converted to the corresponding hy-
droxyphenylacetia acid. The third consideration was de-
gradation of the slde chain and simultaneous ahifting of
position on the ring, followed by oxidation of the nucleus
in the para- position:

OH OH : 0H
O or -OCRZGOGH
e CH,,C00H =
CH,,CHCOCH - | .
“NH,,
OH
. | ,COCH
oxidized | normal | aleaptonuric
completely ”

OH
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But neither o- nor m-hydroxyphenylacetic acld gave homo-
gentisic acid in the slcaptonuric. In the normal orgenism,
the two acetle acids were excreted unchanged almost quane
titatively, ;

Blum thought the eatabolism of both phanylalaniﬁe and
tyrosine in tne'ﬁarmal erganismugraeaadaé through homogenw
tisic acid; the final proof--igolation of homogentislc aclide=-
wag admittedly still lacking. |

An interesting theory for the converslon of tyrosine
to homogentisic acid was proposed by Friedmenn (22). He
formulated the change eh@mieally; thust

OH + HH

2%%060&

- “NH,

+ HH
and was reminded that 2Zinke (23) and Auwers (24) had pre~
pared a olass of compounds called "quinols" by nitric acid
oxidation of para-alkylated phenols, thus:

+ H,0

Bamberger {25) has contributed even more to this field,
preparing the quinols by treating para-alkylated phenyle
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hydroxylamines with dilute sulfuric scid, thus:

R R 'R 0H R OH
E
O H Q . Hzﬂﬁ@ + Hzﬁ-—»@ +KH
THOH , ‘
A v HH 0

Direct oxldation of substituted phenols by monopersulfur-

ic acid {(Caro's acid) also produces gquinols:

CH - CH, OH

[:::f Hzﬁﬂg

CH

A 4

quinols have been found to undergo rearrangement guite easily

(treatment with dilute acid or alkali) to di-hydroxy compounds,

CH, oH OH

~

0
Friledmann saw the possibility that homogentisie acild might be

formed similarly:

CH,, GHCOOH HO CH,COOH OH
z§§2 2 H,COOH

OH OH
0

To investigete this theory, he prepared an arylhydroxylamine



with an acid side chain:

| CH,,COOES GH 000Kt
(#1)
— 7

NO, NHOH

and announced hig intention of preparing the quinol from

this if possible, and of testing the guinol in vitro and

gglziggg Unfortunately, there has been no further report
of such work,

By this time Neubauer (17) had formulated furiher
views on the process of amino acid @atabsliamg and a theory
on the mechanism of oxidatiom of tyrosine which took into
account Friedmenn's suggestion, He considered the first
atep in amino aeld catabolism to be oxidative deanination
%o the corresponding kebte acid., If the amino acid is non-
arumati&; the keto acids arerdeaarbaxylated and then follow
the regular metabolic route of fatty acids., In the case of
tyrosine and pﬁanylalanineg he proposed the following seﬂeme:



wl7w

GH,CHCOOH . GH,C0C00H

o

A 4

;@m Q o E;?éz

HO ﬁﬁzﬂaﬁﬁﬁﬁ GooH
f OH
- aleaptonuriec
€O, _Acstone stops here
HaO o bodies ¢ ; ' GH,
2¢ »
‘ ' ¢o0H

The two intermediates between p-hydroxyphenylpyruvie acid and
homogentisic acid have of course never been isolated, and thus
ars highly theoretical. Yet on the surface it seemed to Neu-
bauer a most logleal sequence. This plan means that Neubauer
considered homogentisic acid an intermediate in tyrosine
catabolism in the normal orgenism as well as in the alcapton-
uric.

Dakin {26) immediately took exception to Neubauer's con-
ception of the mechanism outlined asbove. If the formation of
a guinonoid-type intermediate could be 1nh1bit$ﬁ; and the come~
pound could still be oxidized in the animal organism Dakin



reasaaéﬁ, the formation of a quinol intermediate would not
be & necessary condition for combustion. Therefore, he fed
gfmﬁthaxyphﬁaylal&aine to & cat; apparently it was oxidized
satisfactorily, since no end productas could be isolated in
the urine except a small amount (8%) of gf&ﬁthaxygnenyl~
acetic acid. A similar amount of DI-tyrosine fed to the
same animal was followed hyﬁajamﬁll ameunt of tyrogine in
ﬁhe urine and a notable increase in p~-hydroxyphenylacetle
acid. The justifiable conclusion to Dakin was that a para-
quinenbi& intermediate was not necessary for combustion of
tyrosine, Further arguments aitaﬁ; which he sdmitted were
inconclusive, were; the administration of phenylalanine and
tyrosine in such large quentities ﬁhat‘mﬁah appears un=
changed in the urine is not followed by any appearance of
homogentisic acid in the urine; n@r%in case of phanylala~'
nine could an inerease in phenolie substances be obzerved,
80 that at that time there was no evidence available of con-
version of phenylalanine into tyrosine, as Neubauer pletured,
Fnrﬁhar; the discovery thal benzene administered to a dog
- leads to m uconic acld in the urine suggested the possibility
that oxidation of the aromatic nucleus may not necessarily be
preceded by'intreéaeaian of hydroxyl groups in the ring.
Wakeman and Dakin (27) extended these conclusions
further by observing the fate of grm&thyipnenylalaniﬁe;
p~methoxyphenylpyruvie acid, and 2¢ﬁ&thylpheaylgyravic acid

in the normal orgenism, They found that these compounds were



practically completely oxidlzed in preclsely the sume fashlion
as phenylalanine and tyrosine. These substances also ylield
acetoacetic acld and acetone when perfused through a survive-
ing liver of a doge. Also p-methylphenylalanine and p~-methoxy-
phenylalanine, when fed to an aleaptonurie, ara; *yithin
reasonable limits”, completely oxidiged., Therefore it follows
that even the aleapbtonuric is provided with a mechanism for
oxidation of an aromatic nucleus of amino acids, provided that
their conversion into homogentisic aciﬁ is prevented by sulte
able substitution in the para-position.

Dakin theg pogtulated a possible pathway of oxidation of
aromatic amino scids in & normsl Qrg&niam; taking into account
hlg belief that cleasvege of the ring does not require prior

introduction of an hydroxyl group:

COOH COOH J00H CO, + H,0
CHNH,, c=0 =0 cobu
CH CH 5 il COOH
L2 0 &= ¢ om
ae” e ne” . Xen ‘ CH c=6
PV et Vet e s
N NPT S on !
H H Il - Cop
S g GH x
O= = H
H H 2

Thus Dakln felt (28) that alcaptonurias represents a condition
in which the formstion of homogentisic acid is abnormal as
well as the failure to catabolize it when formed.

Dakin (28,29) contributed two more facts to the cata-
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bolism of tyrosine which have a bearing on the metaboliec hand-
ling of this amino acid. When quantities of the order of 5 gm.
of DL-p-methylphenylalanine were fed to an alcaptonuric, a
significant amount (1¢1 gm.)} of the D-acetyl derivative of p-
methylphenylalanine was separated from the urine., VWhen a
larger amount (8 gm.) of DI-tyrosine was fed to a normal
enimal (rabbit), 1.7 gm. of tyrosine were recovered in the
urine, of which 75% was the dextro isomer. However, when
smaller smounts were fed, no unchanged tyrosine was found

in the urine, indicating that the rates éf decomposgition of
the D= and the I~ isom ers cannot be widely different. In

no case under the conditions of this experiment could homo-
gentigic ncid be detected,

Abderhalden and Massini (30) added to Dekin's analogue
technique by adminigtering monopalmityl-IL~tyrosine and di-
stearyl-L-tyrosine to an alcaptonuric. They found a slight,
if any, increase in excretion of homogentislic acid snd a
"disturbed metabolism in general". p-Aminophenylalanine
when administered to the same patient led to s marked in-
crease in the output of homogentisic acid, measured by the
increased reduction ability of the urine.

The disagreement between R@uﬁaa@rfg theory and Dekints
theory of normal tyrosine catabollism could of course have been
resolved if 1t could be shown that homogentisic acld is pro-
duced from tyrosine in a normal orgenism, as well as in an

alcaptonuric. Abderhalden {(31) observed this qualitatively
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aftar»a\l&baraﬁary assistent ingested 50 gm. of L-tyrosine
during 24 hours, 'Kawevsr; attempts to duplicate these rew
sults, in which Abderhalden himself ingested 150 gm. of L=
tyrosine within 3 hours, were sntirely unsuccessful.
¥romherz and Hermenns (32,33) extended Dakin's analogue
experiments further. They found that memethylphenylalanine
is oxidized in the normal organism just as Dakin had shown
for the para~isomer. They then tried the meta-isomer in an
aleaptonuric, If it 1s handled according %o Neubsuer's

theary,wmﬁﬁhylﬂeﬁagsntisia acid should result:

0 |
- oH o
3 N 3 O
SN — —s o
CH.,GHOOOH - GH,CHCOOH " BH s
N,  NHp HO CHpCOGOCH

They found that no homogentisic acid derivative was formed,
and apparently the administered substance was completely
oxidized. The same results-~that is, no homogentisic acid
formation--were observed upon administration of n-methyl-
tyrosine. Apparently the first oxidation of such a com-
pound does not involve the para-position necessarily. Ap-
parently also the meta-methyl group inhibits kamﬁgentisiel
acld farmatioﬂ; or is catabolized through a different path=-
way than is tyrosine. | |
These two workers then decided it would be worthwhile
to observe the effect of quinol administration to normal and
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Embden and Baldes (34), by means of liver perfusion ex~
periments, showed the probable conversion of phenylelanine
inte tyrosine, Phenylpyruvie aeié; the keto acid correspond=
ing to yhanylal&nine; did not give aaet&ae&tia acid in the
yerféaien ax§$rimﬁata; éa ﬁiﬁ'gfhyﬁraxygheﬁylg$ruvic acid,
the keto acid corresponding to tyrosine, TYet phenylpyruvic
acid 4id give hamagantisiayaaiﬁ in the aleaptonuric. There-
fore Embden and Eﬁiﬁ&ﬁ consldered that the primary pathway of
ghenylalénin& oxidation was not through the keto acia'hy de=
amination, but through nuclear oxzidation to tyrosine.

Kotake (35) fed 10 gm. of L-tyrosine daily for five days
to a rabbit, and isolated a small amount af‘L»nyﬁraxyphanyiw
lactic acid from the urine., Later, he and his colleagues (36)
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repeated this and isolated p-hydroxyphenylpyruvic acid as
'wail'as a small amount of the lactlic acid., When DIL-tyrosine
was fed a portion of that administered was excreted as the
dextro-isomer. |

Rapport and Beard (37), in 1927, investigsted the effect
of phenylalanine and tyrosine on specific dymamic action in
the animal orgenism. They found that phenylalanine has a
greater effect than glycine, and tyrosine has aﬁ effect com-
parable to alanine, This rendered untenable the theory cur-
rent at that time that the specific¢ dynamic action of amino
aclids is proportional to their power of increasing the amino
nitrogen content of the blood, since glycine has a far greater
effect than phenylalanine in regard to the increase of blood
amino nitrogen content.

Along these linss; Shambaugh, Lewis and Tourtellotte (38)
have shown that adminlstration of either tyrosine or phenyl-
alanine to rabbits causes increased blood urea nitrogen con-
tent, but no inerease of the amino acid nitrogen content.,

The creatine and amino nitrogen content of the urine both in-
creased slightly. When phenylalanine was fed they found evi-
dence of the presence of a small amount of phenylpyruvic acid
in the urine; hawavar; when tyrosine was fed; no p-hydroxy-
phenylpyruvice acid could be noted.

Continulng the dietary aspects of tyrosine mmtabolism;
Reinweln (39) noted that when an alcaptonuric is fed on a

minimum nitrogen diet, the ratio of homogentisic acid to
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nitrogen excreted stayed ramarkably constant. In this ree
spect he confirmed the work of Garrod and Hele {(40). These
latter two were struck with this fact from study of five
dirferent cases of aleaptonuria; in spite of the fact that
no sglmple standard diet was used, the ratic varied only withe
in narrow limits. |

Important in evalusting the fate of the tyrosine nitro=-
gen was a report by King, Simonds and Aisner {41), who in=-
vestigated the fate ﬁf1ﬁyrs$ina upon intravenous injection
into a dog. After injecting 5 8., there was a rapld dis-
appearance of the amino acid from the blood. The slight, if
any; rise in blood urea nitrogen did not account for any ap=-
precliable amount of deamination of the tyrosine.

Butts, Dunn and Hallman {42) compared the metabolism of
DL=~phenylalanine and 3L~hyrésiaa in the normal rat. Since
Sﬁambaugh‘ané his co-workers (38) had found phenylpyruvic
acid in urine afber feeding ghegylalaain@, but no p-hydroxy-
phenylpyruvic acid after rﬁaéing‘tyrssing; and since Womack
and Rose (43) had sha@a tﬁat‘yhaﬁylalaniae‘wag an &ss&ntiél
amino acid in the diet and tyrosine cauié not replace it;
Batts and his colleagues felt that the two amino aeids might
not hava the same mebabolic pathway. They fed phenylalanine
and tyrosine to rats and analyzed the livers for glycogen and
the urinaxfor ketone boldies. They found that phenylalanine
gave significant increases in liver glycogen cantent; whereas

tyrosine gave only slight increases. After inducing acetone



=26

body excretion by feeding sodium butyrate, addition of tyro-
sine to the diet 4id not increase this acetone body excretion.
Phenylalanine asctually caused a decrsase in the acetonuria,.
Phenylalanine gave signifieantly higher urinary nitrogen
values, whereas tyrosine gave no increase, These workers
feel that they had strong evidence for concluding that sugar
formation 1s one fate of phenylalanine in metabolism.

In a later publication, 3&%@3; Sinnhuber and Dunn (44)
fed L-tyrosine to rats fasted 48 hours. They found a sig-
nificant increase in the liver glycogen content, DL-Tyro-
sine did not increase the glycogen content. They alsc found
that the urine from these rats; when fed the Lnisamer; re-
duced smmonium phosphomolybdate, whereas the urine from the
rats fed the DL-mixture d4id not.

Kriss and Marey (45) studied the metabolism of tyrosine
in regard to respiratory exchange and heat production. The
amino acid was fed to rats as & supplement to a mixed mainte-
nance ration, in the quantity to supply 7.5 kg.~cal./day,
and apparently about 97% of the fed tyrosine was absorbed.
Nitrogen-balance experiments indicated that none of the tyro-
sine was retalned in the body, In light of the isotoplc ex~-
periments of Schoenheimer and his eelleagues; t0 be dise
cussed in Section E; this is difficult to axplain; and gives
added emphasis to the question: what happens to the nitrogen
of tyrosine when it is catsbolized?

This ever-present question arises again upon reviewing
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the report éf’Zﬁrn'(éé} , wWho studied the degradation of
tyrosine by livar; kidney, ond muscle tissue. He reported
that the oxidative degradation of L-tyrosine proceeded
neither by oxidative deamination nor by transamination. The
pathway Zorn and his coe~workers believe predominant ls dis-
cussed in Section B of the Historiecal,

Zorn's eriterion for the occurrence or non-occurrence
of transamination seems a little weak, Since he could not
isolate any glutamic acid (which would be formed from o ~keto-
glutaric acid if transamination took place), he concluded
that transsmination was out of the guestion with tyrosine.
It is pointed out in the Discussion that transamination
could probably ooccur in the presence of only catalytie
amounts of ol-ketoglutaric and glutamic aci&s; provided
there 1ls another keto acid present {(pyruvic acld) to accept ’
the amino group from any glutemic acid which might be formed,

Lanyar (47) reported a comparison between the handling
of the natural and unnatural isomers of tyrosine and phenyl-
alanine by the alcaptonurie., The L-isomers of both asmino
acids when fed by mouth were converted gquantitatively into
homogentisic acid. D-Phenylalanine was only 40~45% con-
verted into homogentisic aeiﬁ; whereas DL-tyrosine was con-
verted to the extent of 68%. This supports the view that
the oxldation of D~amino acids tekes another pathway than
_the L~amino seids in the animal organism.

A more recent report (1947) on experiments conducted on
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a humen alcaptonuric is that of Neuberger, Rimington a;d
%ilsun (48)« They determined that, apart from homogentisic
aeiﬁ; no other aromatic substance likely to arise from tyro=-
gine or phenylalanine m@ﬁabe;ism is excreted 1in the &rina.
By a statistical evaluation, they showed that even on &
constant diet, both the daily agtyﬁt,ef homogentisic acid
and the H:N ratio in the urine varled considerably. Ae-
gording to their figures, tyrosine and phenylalanine are
converted to homogentisic acid to the extent of about 80f
85%. Catabolism by other patﬁwaya; which no doubt exist,
accounts for from 5-20% of these amino acids. In attempting
to find a clue as to the site of formation of the homogen-
tisic acid in the body, they found a very low concentration
of this wcld in the plasma. This in conjunetion with high
renal clearance volumes suggested to them that homogentisic
acid 1s either formed in the kidney or is actively excreted
by the tubules at a very high rate. There thus exists the
possibility that aloaptonuria may be due to an abnormality
in secrstory funotion of the kidney. | |

Leading to the mﬁaﬁani&g.af oxidation of ayrasine; they
found that ingestion of DL=-2,5-dibydroxyphenylalanine by the
aleaptonuric produced an inereased excretion of homogentisic
aei&uéver the basal level, This led them to postulate that
tyrosine normally may first be oxidized to the 2;5-éihy&rexy
compound, and this may ﬁhsg be converted to homogentisic

acid through the keto acid.
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Later, Neuberger (47} syntheslzed and resolved Di=2,5=
dihydroxyphenylalanine and fed each isomer to a rat. He
found that the L~lsomer was r@&aily'metabalizeé,/a supplement
as high as 1.2 gm. producing no reducing substance in thé
urine, The D-isomer was metabolized eam@iatalyfif the amount
fed a1d not exceed 200 mg./100 zm. of body welght. when the
L-isomer was fed to a normal humen, it again was apparently
matabaliza§ completely. So also was 2,5-dihydroxyphenyle
ethylamine, the subat&ﬁaa resulting from decarboxylation of
the amino acid. Since there exists a mammalian enzyme capa=
~ ble of decarboxylating L-2,5-dihydroxyphenylalenine to pro=-
duce the amine, and since mammalian kidney tissue contains
an amine oxidase, Neuberger postulated that the normal metabo=-

lism of tyrosine may go partly through the above two inter-

mediates:
¢
i} Ol
HG‘G&H&GKEGHG%
Niip —_— > >
{,CHCOOH
CH  HNHp
HO CHoCHCOOH
m{;g o
OH | CH
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Added weight to the postulation of 2,5~dihydroxyphenylalanine
as an intermediate is the faet found by Heubauer (17) and



Fromherz and Hermanns (32} that p~hydroxyphenylpyruviec ecid
ias far less effective than tyraaig& as a precursor of homo-
gentisic acid in the alecaptonuric, This suggests that oxi-
dation of the ring precedes that of the side chain,

~ Beuberger {50) has advanced a likely mechanism for the
formation of a gai&sl from tyrosine, J@he oxidation involves
an attack by en electrophilic reagent, and the three po-
sitions in the ring with the highest electron densities are
the two ortho and the para positions. Preferentlal attack in
the para position might be facilitated by suitable substitu~-
tion in the gide chain or by steric fectors in the enzyme,
The most reasonable pleture of such an oxldation is piectured
to be the removal of two electrons from one of the resonating
structures of the phenoxide ion leading to a carbonium ion,II,
The latter then would combine with an hydroxide ion to give an
hydroxydienone {(guinol), III. This then rearranges acéerding
to the mechanism pietured for dienone~phenol rearrangements
by Arnold and go-workers {51); forming 2,5-dihydroxyphenyl-

alanine as a product:



Although this section is concerned with tyrosine

metabolism as studied by means of its aberration ih al-
eaptamnria, it would not be complete without grasenting

the facts on another error of tyrosine metabolism: tyro-
ginosis. In 1932, Medes (52) reported the results of a
prolunged study undertaken on a Qatiant whose illness had
been diagnosed as myasthenia gravis. Although he unmis-
takably had this, 1t was noted that he also excreted in the
urine p-hydroxyphenylpyruvic acid. On a starvation diet or
a non-protein diet the excretion was constant at 1.7 gn.
daily, The feeding of tyrosine or phenylalanine increased
this amount to a&s much as 3.2 gm. The subject could appar~
ently metabolize homogentisic acid aampletsly; since feed~
ing this acid caused no detectable amount of homogentisic
acid in the urine. Neubauer (53) had proposed two alter-

nate pathways for tyrosine metabolism:
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It ﬁwww be recalled that Dakin theorized thet the only path-
way of normal tyrosine oxidation was to p-hydroxyphenylpyruvie
mo»mw in which compound opening of the ring occurs. lMedes con=
siders the above fate of homogentisic aclid in her patient cor-
roborative evidence of mwawmmmwﬂm.ﬁacwmmmmaﬂ i.e., normal oxi~-
dation of tyrosine inecludes introduction of a second hydroxyl
group ww a position leading to wwummawwau of homogentisic acid
as a preliminary to disruption of the ring.

When tyrosine was introduced into the dlet-~3 gm. daily-~
some appeared in the urine, Tvidently the capacity of the
body for converting tyrosine to p-hydroxyphenylpyruvic acid
had been exceeded, m@ﬁaaman.ﬁwwm limitation of the conver-
slon capacity was not absolute, but was dependent upon the

concentration of the tyrosine, since continuous increase of
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keto~acid output was shown under such conditions. Under this
high tyrosine feeding, 3;4~ﬁ1hy&rexy§henylalaniaa also ap~
peared in the urine, This was notable in that it established
the fact that B;Awaxiéatian of the benzene ring takes place

in the body (showing the possibility of tyrosine serving as
precursors of indole derivatives and melanin in its anabolic
role). Oxidation of 2,5-dihydroxyphenyl compounds proceeded

in the body much easier than oxidation of 3;4~ﬁsrivativea;
since homogentisic acid was completely oxidized both by a
normal subject and by the gatiﬁnt; whereas 3,4~dihydroxyphenyl-
alanine administration led to the appearance of some of the un~
changed substance in the urine. Medes' data algo provided
clear-cut evidence for the conversion of phenylalanine into
tyrosine in the animal organism,

Medes coneluded that tyrosinoslis is a complete stoppage
of oxidation of tyrosine at the stage of p~hydroxyphenylpyru-
vic acid; also every step theretofors is slowed, as evidenced
by excretlon of p-hydroxyphenyllactic acid, tyrasine; and L~
3s4~dihydroxyphenylalanine, Unfortunately for the inter-
mediary metabolism of tyrosine this error of metabolism is so

rare that no other cases of it have ever been reported,

B. The Metabolism of Tyrosine in Vitro.

The advent of Warburg's technique of following oxida-

tion in isolated tissue slices and suspensions by manometric
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means provided a great impetus to the study of metabolism in
general. That it provided a valuable tool for the study of
amino acid oxldation was realized almost immedi&taly.

Kisch {54), in 1931, reported menometric studies of several
amino acid oxidations by rat, guinea pig, rabbit, cat, dog,
and pig kidney and liver tissue, Upon incubation of the
amino acids with the tissues, he noted an increase in the
regpiratory activity which could be aaeoantad for only by
the presence of the added amino acids. The increase was par-
ticularly great with rat kidney tissuse. In a second paper
(55}; he noted greater activity at a pH of 7.4 and 8.0 than
at 6.9 ‘ - |

Krebs (56) used the Warburg technique to study the site
and mechanism of deaminatlon of amino acids in the body.
Among the facts which he noted were that liver and kidney'waré
the prineiple sites of deamination; that amino aqi&sywera the
prineiple sources of uriﬂary’amm&nia; that optically~active
unnatural isomers were deaminated faster by‘kidnéy tissue than
the natural isomers; and that deamination proceeded oxldative-
ly to the keto acids in most cases.

Bernheim and ﬁaraneiﬂ‘{ﬁ?) prepared ”ﬁro&en cell suspen=-
gions" by grinding liva: and kidney tissue in a m@rtaé with
sand and phosphate buffer éné studied the oxidation of %yrbsina
and phenylalanine by such pregaratians* The Warburg respir-
ometer was used tb follow tﬁa uptake of oxygen., They found

that, with liver tissue, provided the tissue concentration was



sufficiently high, tyrosine oxidation proceeded with the up=-
take of four atoms of oxygen per mole of tyrosine. This oxi~
dation was found to be independent of salt concentration and
presence of fluoride, However; eyanide did inhibit the oxi-
dation completely. ‘ ’

If 0.5 mg. of I~tyrosine were used, the "theoretical® up-
take of four atoms of oxygen per mole occurred; if the tyro-
gine concentration were doubled, less oxygen was used. The
authors felt that the enzyme system involved was inhibited by
excess substrate, As is pointed out later {page 49, refer-
ence (84)) what these authors thought was inhibition was the
result of using insufficient liver tissue for oxidizing 1 mg.
of tyrosine. In order to obtain the thecoretlcal uptake of 4
atoms of oxygen per mole of tyrosine, the ratio of liver
tissue to tyrosine must be 2 grams per milligram.

Tyrosine was found to be oxidized slowly or not at all by
kidney tissue of rat, guinea gig; cat or dog; rabbit kidney
tissue, on the other hanﬁ; oxidized the tyrosine faster than
did the rabbit liver tissue. The most active of all the pre-
parations was that from rat liver.

?hamyialanina; in contrast teo tyrasina; was oxldized by
both liver and kidney, with the uptake of one atom of oxygen
per mole of anmino acid, In the case of pﬁenylalanine; the
theoretical amount of ammonia was produced from the L-isomer.
Phenylalanine, in contrast to tyrosine, showed no substrate

inhivition in amounts up to 8 mg. of amino acid, and its



oxidation was not inhibited by cyanide, These differences
between the two amino acids suggest of course that two
different enzyme systems are operating. To the Bernhelims
thease differences "proved definitely that phenylalanine is
not converted to tyrosinev,

3ince Krebs had shown that the oxidation of tyrosine
by intaect cells was always accompanied by ﬁeaminatian; it
was evident that the deaminizing system was destroyed by
the grinding traataant; whereas the oxidizing system was not,

Edson (58) studied the formation of ketone bodies from
amino acids incubated with rat liver slices, He found the
most strongly ketogenic ones to be leucine, tyresina; and
phenylalanine., In aentrast to Bernheim's results with
broken-cell saspensiaﬁs; Edson was not able to obtain an
oxygen to tyrosine ratio of more than two atoms per mole
with the slices. As a result of his finﬁinga; Edson con~
sidered that there were two possible pathways for phenyl-
alanine catebolism: conversion to tyrosine and then through
p-hydroxyphenylpyruvie acid and homogentisiec aci&* and oxi-
dative deamination with formation of phenylpyruviec acid.

Bernheim (59) continued his studies of the oxidation of
tyrosine by liver and kidney suapansicns; including obser-
vations upon the DL-amino acid as well as the natural iso-
mer. By rgnning parallel experiments with.DL-ty:osine and
L-tyrosine, differences can be observed which may be ate

tributable to the D~isomer, In this manner he found that
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the D~tyrosine is oxidized and deaminated by kidney sus-
pensions, whereas the L-isomer is not attacked., wWith liver
suspensions both isomers are oxidized. The D~isomer underw
goes éeaminatien; as evidenced by the production of ammonia
equivalent to the amount of D-tyrosine gresent; and its oxi=
dation 1s not inhibited by cyanlde. By dilution of the liver
sasgansiﬁn, it is possible to effect oxidation of the D-iso-
mer but not the Lmiéamﬁr. It was quite evident to Bernheim
that the enzyme systa&s;raapeasiéle‘far the oxidation of the
two igomers were entirely different. | o

Evidence for the stepwise degradation of L-tyrosine by
liver "brei" was obtalned by Fellx, Zorn and Dirr-Kaltenbach
(60). These investigators found the oxygen consumption of
L-tyrosine to be depanﬂant on hydarogen ian concentration.

At a pH of 6.8 only one atom of oxygen per mole of tyrosine
was eanaume&; at pH 7.2 two atoms per mole, at pH 7.6~7.8
four atoms per mole, and at pH 8.2 again only one atom of
oxygen was taken up for each mole of tyrosine added.

After the first atom of oxygen had been taken up analy»
sls of the flask oontents gave a NMillon's value still equiva-
lent in intensity to the amount of Letyrosine originally
nged as substrate. Apparently the primary oxidation product
was still closely related to tyraaina; and rupture or loss
of the benzene ring or removal of the hydroxyl group had not
occurred. After the uptake of two atoms of oxygen at pH 7.2
the color difference indicated about 75% of the tyrosine
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added was no longer present. With an oxygen uptske of four
atoms the Millon's test was negative. The end products of

the oxidation were acetone and carbon dloxide. Ammonia was
not split off in the course of the oxidation.

DI~Tyrosine was also axiéizaﬁ by liver suspension with
the uptake of four atoms of oxygen per mole of substrate,

In this case, ﬁawavar; p-hydroxyphenylpyruvie acid and am~
monia wers formed equivalent to the amount of the D-isomer
present. With kidney saapanaian; both L-tyrosine and DL=-
tyrosine were oxidized with the uptake of one atom of oxy-
gen per mole of substrate, The L-~isomer was not da&minizea;
whereas the BL~isam§r<fermﬁé.thyﬁraxypkengipyruvia acid and
ammonia equivalent to the amount of D-isomer present.

These suthors also found that p-hydroxyphenylpyruvie
acld was oxidlzed by liver brei with the uptake of three
atoms of oxygen per mole of substrate, giving as end products
acetone and carbon dioxide. Homogentisle acid was oxidized
by livér brei with the uptake of two atoms of oxygen per
mole of substrate, slsc giving as end products acetone and
carbon dloxide. - o

Since no ammonia was formed during the oxidation of L~
tyrnaine; and previous experiments had indicated that trans-
emination does not occur, Felix and Zorn {61) postulated
that the only other course for the reaction to take is the
splitting off of the tyrasins side chain to form alanine.

To oconfirm this hypothesis, they incubated L-tyrosine with
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plg liver brel and analyzed the deproteinized rsaction
mixture for alanine. This was done by deamination of the
. mixture with nitrous acid, and oxidation of the lactic acid
formed to acetaldehyde with potassium permanganate., The
acetaldehyde was then determined by titration with a standard
iodine solution. A refinement of the method was introduced
by carrying out the oxidation in the presence of mercuric
acetate. This salt prevents the formation of acetaldehyde
from serine and aspartic acid., Their results indicated that
for every mole of tyrosine approximately one mole of ala-
nine was produced.

To explain the production of the identified end products
and the oxygen uptake obgserved, Pelix and Zorn postulated the
following oxidation scheme: !
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Leang and Westphal (62), in 1942, attempted to determine
whether L~phenylalanine and IL-tyrosine were oxidized by a
group~-specific type of enzyme, as was found for the D-amino
acids by Krabs; or whether a sFeaifia oxidase was responsi-
ble for the degradation of these two amino acids. They be-
lieved they dliscovered a specific Lwyhéayialanina exié&se in
rat liver which carried out aerobic oxidation of béth“L%
phenylalanine and L-tyrosine by the same mechanism. In the
case of phenyial&ainﬁ;@ane atom of axygen per mole of sub-
strate was useﬁ; the proportion for tyrosine is not given,
Neither amino acid was deaminated. Some characterization of
the enzyme was given. Thus, 1t w&s*watar-aalnhle, present
in the rat liver but not the kidney, was quite unstable at
room temperature but fairly stable at 0°., The optimum pH
for its action was 7.8; it was inactivated by éialysia; but
could be reactivated by liver and yeast julces. Hydrogen
cyanide did not inhibit the enzyme aetian; showing that it
was not identical with the L-amino acid oxidase described by
Krebs. Copper, manganese, zine, and magnesium ions had no
influence on the 89%?&3; but cobalt inhibited 1% &§ a concenw-
~tration of 10~4 moles. Although no end products of the oxi~-
dation were isolated or ldentified, they concluded that oxi-
dation of the benzene ring took place.

An examination of their experimentsl methods makes it
appear guite obvious that théy did not have a specific I-

phenylalanine axidasa,'bat”thﬁ same enzyme system as de=-



seribed by Bernheim and Bernheim (57,59,;63) and by Sealock
and Goodland {8L). Thus they found activity only in the
liver, and not in the kidney, The tlssues were ground in a
mortar with three portions of ¥/10 or ¥/5 phosphate buffer,
each of equal welght to the tissue. This extract was cen-
trifuged to obtain the cell-free enzyme preparation. They
operated their incubations at a pH of 8.00., Thus they had
an enzyme preparation three times as dllute as those of the
above~-mentioned investigators, but obtained by the same
method,., Although Lang and %Bat§hal do not glve the oxygen
uptake with tyrosine as a aubstr&ta; it is safe to assume
that they d4id not observe anywhere near the ﬁhearetical Up=-
take .of g atoms of oxygen per mole of tyrosine. In aﬁditian;
as Felix, Zorn and Dirr-Kaltenbach (60) had absarvad; the
uptake of oxygen with rat liver brei and tyrosine substrate
at a pH of 8.0 is limited to one atom per mole,

Their conclusion that oxidation of the benzene ring
probably oceurred is entirely &afaaaéaa; gince no end
products were lsolated or even iﬁantifieé; and there was
nothing cited to substantiate such a conclusion.

In 1944, Bernheim and Bernheim {63) investigated the
actian'cr various muscular tissaas; s well as liver and
kidney, upon L~$yresine; tyramine and.phenol in vitro. They
foand that skeletal mﬂsele; smooth maaale; liver; and kidney
slices all were capable of breaking the ring of the tyrosine
molecule, as shown by disappearance of "estimatable hydroxy
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groups®, Heart muscle was incapable of oxidlizing tyrcaige.
With the possible exception of the experiment with liver, no
deamination geamrr$a;'and deamination with the liver tissue
was gomewhat doubtful.

G‘h The Ralaticn of Vitamins and Other Dietary Faetars

~ to Tyrosine Metabolism

‘ Since the weaarrénéa of hereditary aleaptonuria is com~
vparatively xaxa;lit islaataral that bicehamistg’shaﬁl& turn
tﬁair effarﬁg to the production éf iadueéd alecaptonurie in
ezparimaatal ﬁﬁimals, as en ald to tﬂa staﬁy of tha metabo~
lisn of the aromatic amina acids. Papageorge ané Lewis (64),
in 1938, showed that an exparigsntal alaagzgnuria could be
induced in white rats by the feeding of large amounts of
p&anylalanina; Butts, Dunn end H@liman (AZ}Isubsﬁantiatad
this fact soon afterward. ‘ﬁaalack; zaigler’&nﬂ’ﬁriver (65);
while werk%ng on the greearsﬁra of mﬁianin pigment in the
guinea pig, discovered tﬁat tha‘fa&&ing of L-tyrosine to the
animals inargasaé its reqﬁirsmﬁnt'fsx Vitemin C.

In 1939, Seaiaak and gilberstein (66) made the signifi-
cant abs@r@aﬁi&n that the experimental alcaptonuria induced
in the guinea plg could be controlled by Vitamin ¢, The
exeratiah of homogentisic ecld was at a meximum in a Vitaw
nin C-deficlent animal. Eﬁéminigtratian of only 0.5 ng. of
ascorbic acld resulted in excretion of 2&-56% of the tnee—
retical amaunt of hamagentiaig acid from tha 0.5 gm, of L~
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tyrosine fed; administration of 5.0 mg. caused complete dise-
appearance of this tyrosine derivative in the urine. Further-
mare;lwithdrawal of the ascorbic aaié supplement caused al-
most immediate reappearance of the homogentisic aeid. They
then tried the effects of Vitamin ¢ on tyrosine metabolism
in two human subjects. naily feeding of L-tyrosine along
with a Vitamin-C-free dlet resulted in the excretion of sig-
nifieant amounts of homogentisic acid. This excretion was
completely prevented by the ingestion of reasonably large
doses of ascorbic acid., Another interesting fact reported

by these investigators was the non~relation of Vitamin C to
the handling of D-tyrosine. Thus, D~tyrosine alszo caused

the excretion of homogentisic acid, though not in as large
amounts as the L-amino acld. But the same amount of Vitamin
¢ which prevented homogentisic acld sxeretion with the L-ty-
rosine supplementation hed no effect on the homogentisic acid
excretion with the D-tyrosine feeding.

That ascorbic acid is concerned in the metabolism of ty=-
rosine was immediately confirmed by Levine, Marples and gordon
(67), who reported on a defect in the metabolism of the aroma-
tic amino acids in premature infants. When such infants are
fed a fairly high protein food (a cow's milk formule as opposed
to human milk), they excreted L~-p~hydroxyphenyllactic acid and
some p-hydroxyphenylpyruvic acid in the urine. After adminis-
tering from 50 to 200 mg. of ascorble acid pareaterally; the
excretion of these intermediate metabolites of tyrosine and
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clude those of lanyar with white mice (70}, and white rats
(71]; and Abbot and Salmon {72) with whi;e rats by the feed-
ing of phenylalanine or tyrosine., Glynn, Himsworth and Neu-
berger (73) induced the exoretion of homogentisic acid in rats
by feeding a diet deficient in methionine and cystine and con-
taining only relatively small amounts of tyrosine and phenyl-
alanine. If cystine is added to the diet, no aleaptonuria
occurs unless the tyrosine intake ls raised appreciably.
Neuberger and Webster {74) reported the production of alecap-
tonuria by feeding a diet practieally free of protein and

adding a small amount of tyrosine, TUnder these conditions

the excretion of homogentisie acid was not affected by the

administration of methionine or cystine. These investiga«

tors reported that the threshhold amount of phenylalanine

or tyrosine necessary to prodace alcaptonuria was signifi-

cantly reduced by a défieiano?‘af tryptophane and, to a

lesser extent; lysine. They suggest that any deflciency of

an essential amino acid may impair the capacity of the organ=-

ism to deal in a normal manner with phenylalanine and tyrosine.
This, of course, follows from the fact that deficiency

of an essential amino acid impairs the organism's ability to

aarry on normal processes of tissue synthesis. This compels

the organism to turn more of the tyrosine and phenylalanine

than usual into catabolic channels. From this it might be

deduced that homogentisic acid is a normal intermediate in

the oxidation of tyrosine, and appearance of it in the urine
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under the above conditions meens that the kldney threshold
concentration is exceeded under the forced conditions brought
about by the defleiency of essential amino acids,

Demole (75) has reported a drastic way to indaae alcap-
tonuria in rats and mice, He found that feeding these ani-
mals as much asg 3-4 gm, of ascorbic acid per kilogram of body
welght wa$~harmlass; but lethal or sub-lethal doses (8~9 gm./
kge of body weight) produced a severe alecaptonuria.

With the connection of Vitamin ¢ to tyrosine metabolism
astabliaheé; most of the experiments that followed made use
of this relationship. Seaslock, Perkinson and Baéinski {76)
investigated the problem further by feeding L~phenylalanine
to Vitamin ﬁuﬁ@riai@nt guinea pigs. They found that such
feeding gave rise to the excretion of tyrosine metabolites
{p-hydroxyphenylpyruvic acid) as well as homogentisiec acid
and phenylpyruvic acid. Since Womack and Rose {43) had
shown that phenylalanine ie an essential &miﬂavaeiﬂ; whereas
tyrosine is aat; and Moss and Schoenheimer {(77) had demon=
strated the a&ﬂvaraian of phenylalanine to Iyrosine by means
of deuterium tracer experimﬁana; thegse resulis were amt sur-
prising. The unpredictable fact was that these metabolites
occurred only in an animal which was Vitamin Qwﬁ@fieient;
and were abolished when adeguate amounts of the vitamin were
fed. ‘

Further evidence that the vitamin effect is related to
the esnaantratieﬁ of Vitamin ¢ in the tissues was furnished



by Sealock (78) in a report of the effect of dicarboxylie
aclds on the metabolite excretion. Glutamic acid was’fauné
to decrease the excretion of the tyrosine metabolites, but
eontiﬁa&& adminigtrations had a decreasing eifect. The acw
tivity was found to be due to acidification. - Hewley and as-
sociates (?9;8@)‘haé previously shown that administration of
ammonium chloride in smounts sufficient to produce a highly
acid urine increases the excretion of Vitamin C. In this |
. case glutemic acid, as well as other acids such as fumerioc,
saﬂcinic; malie, and'as§a:ﬁie; acting as an aéia; mobilized
tissue r@éerves of Viﬁamiﬁ $¥ and this newly mp%ilizaﬁ vita=
min then exerted 1ts usual action of the tyrosine metabolite
exeretion. | | |

The oxidation of tyrosine by normal and lack of oxi-
dation by scorbutic tissues was correlated with in vivo
results by Lan end Sealock (81) in 1944, by studying the
oxygen eaas&mptian of liver and kldney slices from normal
and scorbutic guinea pigs. These investigators found that
liver slices of normal animals oxidized L-tyrosine with the
uptake of one atom of oxygen per mole of tyrosine present;
whereas liver slices from scorbutic animals d1d not oxidize
the amino acid. anevar;‘tha scorbutic liver regained its
ability to oxidize tyrosine by the sgdministration of ascorbie
ecid elther in vivo or in vitra. ‘

Besinskl and Sealock (82) showed that the ascorble acid
effect exhibits a structural specifieity for tyroaine; phenyl-



alanine and phenylpyruvic acid by studying a long list of ,
structural analogues. The compounds tested were D-tyrosine,
- D-phenylalanine, N-acetylsLephenylalanine, Neacetyl-IL=tyro-
sine, dlacetyl~L~tyrosine, L-p-methoxyphenylalanine, DL-
phenylaminobutyriec aaié; and IL-S-benzyleysteine. These were
fed to scorbutic gulnea pigs with and without ascorbic acld
supplementation, An analysis of the daily urinary excretion
for keto acld and phenolic (tyrosyl) values showed that each
is metabolized by the gulnea pig independently of ascorbic

- aeid,

»Barby, Deleio, Bernheim and Bernheim (83) reported a
study of the metabolism of phenolie compounds by normal and
scorbutic guinea pig liver slices in vitro. Liver slices ‘
from scorbutic gulnea pigs were incubated with either 6 mg.
of DL-phenylalanine or 1 mg. of L-tyrosine. After 4 hours
incubation at 37° the flask contents were deproteinized with
trichloroacstic acid, and estimatable hydroxyl groups de-

t ermined by the method of Thels and Benedict. Their‘éata
showed that liver slices from scorbutic guinea pigs produced
an hydroxyphenyl compound fr&m,phenylalanina; and apparently
metabolized tyrosine to the same extent as the normal guinea
pig liver. The scorbutic liver slices also conjugated phenols
to the same extent as the normal liver slices. Thelr dlsa-
greement with Lan and seaiggk*a_rasults is apparently due to
the different method used in following the oxidation. Lan

and Sealock followed thafexiﬁatian by oxygen consumption de-
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termined manometrically; Darby et al., determined hydroxyphenyl
compounds colorimetrically. In any event, these authors con=-
eiﬁde that the main defect in the metabolism of aromatic com=
pounds by scorbutie géinaé pigs 1s an inability of the de-
'fiaiént liver to oxidize the side chain of tyrasiﬁa; rather
than an inability to oxidize the ring or conjugate the
phenolie group. T

In a very &éeenx,yayer; Sealock and Goodland {84) re-
parte& an extensive study of cell~free homogenates in the oxi-
dation of tyrosine by liver from mormal guinea pigs. Tirst
they duplicated Bernheim and Bernheim's results with "broken
cell auggensiana"; obtaining aa‘axygén°u@take of 4 atoms per
mole of tyrosine with hermal liver homogenate, provided an
adequate quantity of li%ar per unit of tyrosine is employed.
They found that a ratio of 2 gm. of liver per mg. of tyrosine
was ﬁeeeﬁsary'ror maximum oxidation with this specles. In
an investigation of the enzyme system involved, they found
that the tyrosine-oxidizing system of the guinea pig liver
exhibited maximum oxidation at a pH of 7.2 to 7.4 and a re=-
markable stability upon storage in the cold. As much as
87% of the original aeﬁiviﬁy remained after 4 days of storsge
in the refrigerator. The activity was found to be soluble in
aqueous phosphate buffer solution and was not a part of the
particulate matter which separated with high speed centrifu-
gation, Dlalysis reduced the ability to oxidize tyrosine
‘rapldly; addition of boiled liver extract restored the
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original activity. Prom this it may be concluded that thermo-
stable dialyzable components constitute a portion of the
enzyme system. Sealock and Goodland point out that though the
enzyme system exhibited a low order of activity, this should
not be regarded as being indicative of lack of physiological
importance, For,
when one considers the sase with which phenylalanine
may be converted to tyrosine in the animal body, it
is apparent that s more active destruction of tyro=~
sine in oxlidative degradation would decrease the
quantity of the two amino aeids available for protein
syntheses and other anabolie functions. At the same
time, operation of this system, even at reduced ve-
locity, must decrease the guantity of tyrosine
available for formation of undesirable products such
as the pressor amines, tyramine and 3~-hydroxy-
tyramine. Thus it can be concluded that this tyro-
gine-oxidation system plays a significant role in
the total economy of the animal body. ‘
‘Fishberg (85,86) has reported experiments which also
demonstrate the close relationship between Vitamin ¢ and
tyrosine metabolism. She found that urine of scorbutic ani-
mals is capable of inducing methemoglobin formation in vitro.
Further investigation proved that the causative agent of
this effect 1s benzoquinoneacetic acid, the oxidized phase
of the oxidetion-reduction system homogentlsic acld-benzo~
guinoneacetle acld. She found this chemical in the urine of
humen scurvy and rheumatic fever patients, as well as in the
urine of scorbutic guinea pigs. The assumption was made that
it is an obligete intermediate in the normal catabolism of
tyrosine and phenylalanine, and that normally its existence

is so short as to be undemonstrable chemically except for
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the appearance of characteristic absorption bands in the
ultra=-violet region on spectrophotometric exﬁminatiankaf
blood serum and urine, In rheumatic fever and scurvy, howe
ever; this quinone persists for a longer time, owing to the
interruption of the normal tyrosine catabol ism at the qui-
noild stsge as & sequel to lack of ﬁéffieieat.available «
ageorbie aeié; a key component of the enzyme system necessary
for complete tyrosine oxidation. '

The possible ?ale_af’anath&r vitanmin, thiam;na,(u@an the
metabolism of yﬁaaylalaninﬁ a§é,tyrﬂsigﬁ has been inveat&»
gated with rather inconclusive results. Closs and ?glling
(87) reported that phenylpyruvic aei&~waskexer@tad in the
urine of thiaminenﬁaficiantrraﬁg when extra phenylalanine was
fed to them. Their evidence was not conclusive because it
was deduced from differences which they observed upon éuali-
tative tests applied to urines of different Qoneentrations;
but it is consistent with the known role of thiamine in the
decarboxylation of of ~keto avids. &lga; evidence has been
presented by*Sara;-Thais and Harrelson (88) and Govier agd
crelg (89) that sscorbic acld synthesis in the rat and dog
is dependent upon an adequate supply of thiamine, Thus it
is possible that thiamine deficiency Laaﬁs to a secondary
Vitamin ¢ deficliency in these animals. Kaser and Darby (90)
fed yhanylalaniﬁa.anﬁ tyrosine Lo rats maintained on a
thiamine~free éiet; but could detect no increase in the ex~

cretion of abnormal metabolic products. Following adminise



-52=

tration of DL-phenylalanine by stomach tube to palr-fed de-
ficlent and control rats, the observed increases in the ex-
cretion of all metabolites tested for were statistically com-
parable., They measured the keto acid excretion after feed-
ing phenylalanine by a colorimetric method for the determi-
nation of phosphorus: reduciion of phosphomolybdic acid by
the urine, The keto acid values were thus expressed as
#phosphorus equivalents®, One cannot help but feel that this
is an odd way of determining the amount of keto acld metabo=
lites from phenylalanine; a more specific method for such
metabolites would have made these rssults more reliable.
Delollis (91), however, reported the results of feeding
250 gm, of a cheese contalning 4.2 gm. of tyrosine per 100 gm,
 to & human subject. He found that a 20-68% increase in uri-
nary elimination of Millon~reactive substances was obtained,
When 25 mg. of thiamine was administered intravenously at
the same time as the feeding, thls inerease did not occur.

' Evidence has been presented by Swendseid and co-workers
{92,93) to the effect that tyrosine metabolism is altered in
pernicious anemia. Since a deficiency of pteroylglutamic
‘acid has also been found in pérnieioas anamia; Raﬁney; Swende
seid and Swanson (94) investigated the possible effect of
pteroylglutamic acid on the oxidation of tyrosine, Rats were
made folic-acid~-deficient by feeding sulfasuxidine. Liver
homogenate from deflcient and normal rats was then tested for

tyrosine oxidation in the Warburg respirometer. The oxi-
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dation of 0,5 mg. of tyrosine by 0.5 gm. of liver tlssue was

followed over a two-hour period. In other experiments 1lO) of
erystalline pteroylglutamic aclid were added Lo the liver sugs~
pensions from the deficient rats. All experiments showed de-
creased oxidation of tyrosine by livers from the pteroylglue

tamie aeiﬁ*éefiei@nt~r&ta; and a restoration of oxildation |

upon addition of the erystalline pteroylglutamic aecid.

This report prompted Woodruff and Darby (95) to inveati-
gate the effect of pteroylglutamic acid in vivo upon tyrosine
metabolism in the scorbutic guinea pig. A scorbutigenio diet
plus 5% of L-tyrosine was fed to the guinea pigs. Tyrosine
and p~hydroxyphenylpyruvie acid were determined in the urine;
after stabilization at a high level, ascorble acid and ptero-
ylglutamic acid were fed orally. The exoretion of tyrosine
and keto aeid before adding the vitamin supplement was 45%
an 4 21% of added tyrasina; r&spegtivaly;'aarres§en@ing values
in the group receiving ascorble acld were 8.2 and 1.65; and in
the group receiving pteroylglutamic acid 19.8% and 5‘4%; res
spectively. ‘ |

Sealock and Lepow (96) have reported similar results upon
administration of antipernicious anemia liver extracts to scor-
butie guinea pigs. Thaﬁ the reduction in tyrosine metabolites
found after injection of the liver extracts may be due to the
pteroylglutamie aa;ﬁ contained in the extract is very unlike-
ly. Liver extract, as contrasted with pteroylglutamie aci&;
does not incremse the in vitro oxidation of tyrosine by liver
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In a later paper Woodruff and co-workers (97), report
that not only does pteroylglutamiec acid abolish the "hy-
droxyphenyluria® of scorbutie gulnea pigs fed extra tyro-
sine, but so also does the pteroylitriglutamic acid. Anti-
pernicious anemia liver extract did not abolish the excre-
tion of hydroxyphenyl compounds by these same animals,

One animal which was excreting homogentisic acid was given
5 mg. of pteroylglutamic aclid dally for one week with no
effect on the homogentisic aeld excretion.

Essentially similar results were found by Ruﬁnay; Swend-
seid and Swanson (98) in in vitro experiments with pteroyl-
glutamic acid and liver tissue. Liver tissue from rats de-
ficient in pteroylglutamic acid gave a lowered rate of tyro-
sine oxidationj this rate was increased to nearer the normal
rate upon addition of pteroylglutemic acid in vitro. How-
ever, liver extract and pteroylheptaglutamic acid had no
effect upon the oxidation rate.

It may be well at this point to take stock of the ty-
rosine problem as it appears at the present. It is quite
evident from the mass of experimental data accumulated that
the aromatic amino aciéa; phenylalanine and tyroaine; may
have two or even more patﬁa of catabolism in the narmal ani-
mal organism. Whether one of the paths is the main one, and
the others less important, has not been definitely determined.
It is probable that the mechanism predominating at any one
time is decided by the particular needs of the organism at
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that time. Garrod (99), in 1923, summarized the facts known
about tyrosine oxidetion up to that time in excellent fashion,
and concluded that evidence for homogentisic acid being a nor-
mal intermediate of tyrosine degradation far outweighed that
which could be brought against it. Thus; as reported by Ab-
derhalden, a man, apparently normal, undoubtedly excreted |
homogentisie acid after ingestion of a large dose of tyrosine,
Also reports of temporary or intermittent alcaptonuria favor
such a view. The recent work on the experimental production
of aleaptonuria in laboratory animals by dietary means also
strengthens such a view. It 1s reasonable to assume that
these dietary deficiencies produce alecaptonuria by affecting
the cellular concentration of an enzyme or other factor neces-
sary for the normal metabolism of tyrosine and phenylalanine
rather than by endowing the organism with a new type of mata—
bolie reaction not normally found, Yet 1t may be that the
production of homogentisie acld is an emergency route which

is not normally used or needed,

What 1s definitely known is that tyrosine and phenyl-
alanine produce acetoacetlc acid and eventuelly carbon di-
oxide and water in the normal organism, Strong evidence
by means of isotope experiments (to be cited in the next secw
tion) indicatesz that the acetoacetie acid is formed, at least
from phenylalenine, by the intermediate formatlon of a quinol.
Beyond this everything is conjecture. Whether tyrosine is
first oxidatively deaminated, whether it is oxidized to 3,4~



diﬁyﬁraxyphanylalaniae;.whether it forms first a quinonoid
structure as Felix suggaaﬁs; remain to be proven. It is
quite pessible that the determination of the fate of the
_nitrogen or amino radical of the tyrosine will be the clue
which will point more definitely to one or the other of the

suggested pathways of normal oxidation,

D. The Application of Tracer Techniques
to0 Tyrosine Metabolism

In 1939 schoenheimer and his collaborators (100-103)
instituted a comprehensive study of protein and amino acid
metabolism by the application of isotople aitragan; ﬁl5;
The theoretical considerations involved in the use of this
isotope were éiseusse&; and 1t was pointed out that a lower
isotope sanseﬁtratiea and smaller quantities of isotopie
nitrogen are needed than 1s the case with metabolic studies
with deuterium. The chence for dilution of 315 with ordinary
nitrogen is much smaller; since the living cell contains only
one-fiftieth as many nitrogen atoms as hydrogen atoms, They
paintgd out that a loss or transfer of isoctopic nitrogen from
an amino ascld in the animal body is to be expected only if
chemical reactions occur at the amino group.

They investigated the problems of synthesis involved in
the introduction of the nitrogen ilsotope Into amino aeids.
Since at that time the isotope was extremely rare and aastly;

it was necessary to consider only those reactions which were



=57~

most economical (i.ef; reactions whioch give the best yiel@s
in the step which incorporates the isotope into the molecule).
They made use of two general methods of syntheals: 1) cata~
lytie hydrogenation of the corresponding o~keto acids in the
presence of isotoplic ammonia (104); and 3) coupling of the
earregpaaaimg<£§bramastars with isotople potassium phthal-
imide (105). By method one they synthesized isotopic ala~
nina; norleucine, @heaylalﬂaine; tyrosine, glutamic aci&;

and aspartic acld; by method two they synthesized glyeina;
deuteroleucine, and lysine.

Thelr experimental investigation of the metabolism of
tyrosine consisted in feeding to a rat isotopic tyrosine as
a supplement to a casein diet. The diet contained lﬁg'éam
sein; which in turn contained 4.5% of tyrosine. Tyrosine
waa‘than added to equal twice the amount furnished by the t
casein, i.e., 1.35 gn. of N5-DI-tyrosine per 100 gm. & diet.
At the end of the l0-day period, the animal had consumed
1.867 gm. of ElswﬂLwtyrcsin@,r

The animal was then aaﬁrificaé; and the collected aring;
bime&; liver, and carcass were analyzed for isotope content.
They recovered about 50-60% of the a&m@niataraé.ﬂls from the
urine, the rest in tissu&a; mostly in proteins. From 25-30%
of the isotope in the proteins was present ialﬁyre&;ne; show-
ing that some &iatary tyrosins was directly deposited in the
tisaue protelns. Apart from tyraaine; the isotope was found

in four different places: 1) in the L~amino group of diecar~
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‘boxylic amino acids {traasaminatian?}; 2) in histidine iso-
‘lated from the liver; 3) in arginine isolated from the liver
{in that part of the guanido group which represents "potenw
tial urea"); and 4) in the "smide nitrogen® in proteins from
liver and careasa; liverated as ammonia during proteolysis.
Lysine was the only amino acid recovered which contained no
isotopes They pointed out thet & considerable portion of
the isotope was used for the formation of other nitrogenous
cam@aun&s; even of suech amino acld molecules as were abun-
dant in the diet.

?urthér isotope experiments were reported by Moss and
3s§éanhaﬁmﬁr (77) who proved conclusively the conversion of
phenylalanine to tyrosine in the normal animal body with the
use of éaatera~§xmphenyialaaimag This compound they prepared
by an interesting matha&; an exchange reactlion between DI~
phenylalanine and 85% deuterosulfuric acid, Upon feeding this
isotopically-marked amino acld to 2&%3; they found that both
growlng and matar@»aaimﬁls‘sanvartea phenylelanine into tyro~
sine. They found a continuous formation of tyrosine from the
dietary amino acid even when the rats were receiving abundant
supplies of tyrosine in the diet. This suggested to them
that this conversion is an essential step in the oxidative de-
gradation of phenylalsnine.

Moss (106) found that tyrosine was also formed frmmﬁzn
phenyllactie acid in the rat by feeding the deuterium-marked

lactic acid. This conversion took place dsspite the presence
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centration of 314; followed by liver and spleen. The tumor
proteins had high activity and accounted for 9.75% of the ad~
ministered dose., sAmino acid isclations showed that almost
éll_af vhe radioactivity of the proteins was due bo tyrmsine(
itself. In the urine, isotope was present in tyrosine, urea,
creatinine, hippuric acid, and ketone bodies. The presence
of ¢ in hippurie acid and creatinine wes postulated to be

due to the following conversions:
_»tyraaiaa——-—a.aaéto&aetis acid 5 acetic acid——sglycline

Reid and Jones {109) reported a similar study of adminis-
tration of radiocactive tyrosine to mice bearing a melanosar-
coma. After 72 hours, 30% of the administered dose appeared
in the respiratory carbon dioxide, 40% in the urine and feces,
and 30% in the body. Although radiocactivity was found in
every tissue of the baﬁg; the adrenals (epinephrine}, thy=-
rolds (thyroxine), intestines (protein anabolism), kidneys,
liver, @lasmﬁ; spleen, and tumor showed the highest specifioc
asctivities. ZBrythrocytes had the lowest, with bone the next
lowest,

'All of the foregoing researches have been of the same
typa; i,a.; metabolic turnover studies. Although much can
be deduced from such experiments, clues as to oxidative and
catabolic mechanisms must needs be indirect, In aa&ition;
they all suffer from the same error: they used racemic tyro-

sine instead of the natural isomer. It is well known that
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many, if not all, of the enzyme systems concerned in protein
and amino acld catabollism have a stereochemical speeificity
for the naturally~occurring 1aam£r5. In fasﬁ, some evidence
has been given to shﬁw that D~amino acids may even be toxie ;
to the srganiam; although admittedly in extremely high doses.
on the other haﬁ&; Albanese and co-workers (110) and Bubl and
Buttsk11113 have sﬁcwn the yasaibility of a $9eaies~éiffarenee
in the haaﬁling of ﬁ*tyfaaineQ Ha&ans‘avi&enﬁly cannot uti-
lize the unnatural isomer, whereas the wﬁite rat can., Never=-
theless ityis felt that results in ﬁatabélie experiments are
more valid and more correctly interpreted when the natural
isomers of the amino acids are used,

%einhaus@‘anﬁ ﬁillingtca {112), with the use of L-tyro=-
sine containing ¢14 in the O -position of the side ehain;
have substantiated the conversion of this amino acid to aceto-
acetate by rat liver siices; and provided information con-
cerning the mechanism of this transformation. The liver slices
were incubated for 2 hours with the tyrosine; the deprote-
inized mixture was then treated by the Van Slyke procedure for
conversion of acetoacetate to acetone and carbon dioxide,
The acetone had a high specific activity, the carbon dioxide
had a very low sctivity. They then 1nvestigéted the pesition
of the Cl4 in the acetoacetate molecule. They found that
when acetoacetate is treated with an éxesaa of potassium per-
manganate in the cold 1t is rapidly and quantitatively con-

verted into one molecule each of acetic, formic and carbonic
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- acids. The reasonable assumption was mede that these tnrae‘

acids are derived, respectively, from the g -, Y-, the L,

and the carboxyl carbons of the acetoacetate. Upon performe

ing this oxidation and isolating the agi&s, they found almost
all of the activity in the formic acid, or eriginally, there-
fore, in the «L~carbon atom of the acetoacetate. Thus the

acetoacetate had 1ts origin as in the following schenme:

- QH
— _ GH3GQG*HQGGG&
‘ ‘, - ~ C*H,CO0H
HGM "H, |
CHNH2 Co , KMnO,,
COOH COOH

CH4C00H + HOO0OH + COp

Schepartz and Gurin {(113) have recently reported experi-
ments on the intermediary metabolism of phenylalanine labeled
with'sxk. When DIL~phenylalanine labeled with radiocactive |
carbon in the carboxyl and (~carbon of the side chain ls fed
to phlorhizinized rats; the respiratory carbon dioxide and
urinary ketone bodies had high activity. Incubation of this
same phenylalanine with liver slices givaa; in the deprote-
inized mixtnra; ¢§3§09323*Q6§' They then used phenylalanine
labeled in the 1, 3, and 5 positions of the benzene ring.
When this compound was incubated with livar'glices; they lso-
lated 0%0, and O¥H3COCH,COOH. This is direct proof that the
gide chain of phenylalanine shifts to .an adjacent ring carbon
during formation of the ketone beﬁiea. Although they 4o not
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give any formulation for this change, this writer feels that
the quinel intermediate is the most logical explanation of

this shift, as shown:

oH OH 0
30—
CHp CH, OH, HO *~ CHRCOCOOH
HONH, HeNE, co
&ooH GooH COOH
v
o
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III. EXPERIMENTAL

A. Synthesis of Kl5nﬂL~%yrasiﬂa

As has been mentioned in the Historical seetion, Schoen~
heimgr and his aassociates (102) found the Knoop reaction the
desirable method of introducing isotopic nitrogen into the
tyrosine molecule, Since this method was found convenient
and afforded an excellent yleld of product, it was adopted
for our study. ;

The primary intermediate for the Knoop reaction is p-
hydroxyphenylpyruvic acid, The method adopted for its pro-
duction is an adaptation of the syntﬁesig of phenylpyruvic
acid as given by Herbst and Shemin (114), with modifications
where necessary. This synthesis was used by Sealock, Parkin-
son and Basinski (?6}? and many helpful points were acquired
from their experience, |

The method may be summarized as follows: ocondensation
Or‘gyhyﬁraxybenzaldegyﬁe with aeetylglyaiam to give the "agzg-
lactone" of p-acetoxy- ~acetaminocinnamic acid (Bellstein
deslgnation, 2-methyl-i~{/,'-acetoxybenzal)-5-oxazolone);
opening of the azlactone ring with water to give Pyaeetuxy-
L~acetaminocinnamie acld; and hydrolysis of this to give
p~bydroxyphenylpyruvie acid. |
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1. 2-Methyl-i-{4'~acetoxybenzal)~5-0xazolone

N zisggceeﬁ {CH,4C0) 50 S Ny |
OH 63339 ’

Herbst and shemin's directions for the earreﬁygnéing ben~
zal oxazolone rgqﬁirs 0.25 moles of acetylglyclne, 0.37 moles
of benzaldehyde, 0.185 moles of sodium acetate, and 0,625 moles
of acetic aahyﬂri&@; and rafiaxing for one hour on the steam
bath. Previous work, both by 3ealaak; Perkinson and Basinski
and in this 1ahara@eryl; had shown that the aalagtone forma-
tion with substituted benzaldehydes aaaal}y/xggaired nuch
longer refluxing time. So the first run of azlactone was
made using the above proportions (p-hydroxybenzaldehyde of
course substituted for benzaldehyde) and a five hour heat=
ing time on a boiling water bath, with an air condenser
attagheﬁ to the reaction flask. After overnight refrigera-
tion, the solid brown-yellow mass was broken up and stirred
well with 125 ml. of lee~cold water and returned to the re-
frigerator for another 2, hours. The product was then fil-
tered, washed well on the funnel with ieemae;évﬁatar; and
drled in a vacuum desiccator over KOH and P,0z. The resul=
_tant yield was only 32.6% of the theoretical.

In modifying the above aan&itiaﬁs; it was found that

1 , ‘ , ”
‘Sealock and Syeeaer, unpublished.



incressing the amount of acetic anhydride to 1.1 moles »
raised the yleld of azlactone to 59.6% of the theoretical.
A further adjustment of the proportions of all the reac-
tants increased the yield to 66%, and this was used for
all subseguent runs. This wasg: 0.4 moles of acetylgly-
agine, 0.3 moles of anhydrous scdium acetate, 0.37 moles
of p-hydroxybenzaldehyde, and 1.33 moles of acetic an~
hydride {preferably redistilled). These proportions with
the ahove procedure gave consistent yields of 65~704 of
cru&e szlactone., The orude @raﬂaqt was found sufficient~
ly pure to use in the second step. If desired it may be
recrystallized from ethyl acetate with the addition of a
little petroleunm ether after solution is effescted. Altsr
_recrystallization, the azlactone melts at i33.5~134.5°
{uncorr.).

2. p-Acetoxy~L~acetaminocinnamic acid.

8H=:§ C=—0 , CH=0—COOH
%§§¢/ + ﬁzé Agetone 5 ~ HﬁaGdg
CH
63366 CH3GQ$

Here again Herbst and Shemin's directiong for the
preparation of the ring-unsubstituled c¢innamic acid were
followed first. This procedure calls for solution of
0.25 moles of the azlactone in 450 ml. of aeatans anﬂ
175 ml., of water, and gsmple%iﬁg the hydrolysis by re~

Pluxing for four hours. Yosu of the sceitone 1s then
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distilled off, boiling water added to dissolve the cinnamie
acid, the solution filtarea; treated with Norite and filtere
ed agaia; and refrigerated. This procedure was most unsatis-
factory with the more highly-substituted azlactone. The
yield was gaar; 4L7.7%, and a large amount of orange=-brown
insoluble solid was left after aiatillaticn of the acetone
and addition of the boiling water.

The modification which was made and adopted for all
succeeding batches was as follows: 0.12 moles of the az-
lactone were dissolved in 260 ml. of acetone and heated to
reflux temperature in an oil bath. When the acetone was
refluxing, 100 ml. of water were added dropwise through the
top of the reflux condenser, and refluxing was continued
for 4 hours. The acetone-water solution was then refriger-
ated. After filtering off the pruéaet; a second erop could
be obtained by concentratingthe filtrate in vacuo. By this
procedure the yields varled from 72-94% of crude substituted
cinnamic acid. '

Since large losses occurred in reorystallization of p-
hydroxyphenylpyruvie aciﬁ; due to0 the general instability of
K-keto acids, it was deemed advisable to effect purification
at this stage in the stepwise synthesis. The substituted
cinnamic acid could be recrystallized from watar; but large
amounts of water were regaizeﬁ; and the solubility of the
acid dropped sharply on aligﬁaveealing; so that filtering of
the Norited solution was difficult without having the pro-
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duct crystallize out on the funnsl, Recovery was also poor,
due probably to hydrolysis of the substituted cinnamic acid
to the corresponding pyruvic acid. Dioxane was found to be
" fairly sunitable, giving a pure product melting at 213-213.5°
(uncorr.). anevar; here ag&in; large volumes of solvent
were necessary, 1 gm. of acid requireing 60 ml. of &iax&na;
an& recovery from this dilute a solution was generally pocr;
varying from 37~?ﬁ§.

 Glacial acetic acid was found to be most satisfactory as
a solvent for ?earyatallizﬁtian. One gm. of acid required 15
ml. of solvent, Norlite could be used effectively to decolor-
ize the product, and recovery varied from &2-88%. The melt-
ing point of the suhsgi@aﬁaﬁ cinnamic acld from glacial acetio
‘acid was a little low, 208,5-2090 {unaarr¢);,%ut the product
was found to be very satisfaatary for the production of pure
p-hydroxyphenylpyruvic acid.

Early in the work reported hare; another method of opene
ing the azlactone ring was brigﬁ; that used by Bergmenn and
Stern (115} and by Dakin (116). 'Their procedure involved
aiasalving the azlactone in normal or half-normal alkall at
609, cooling, and acidifying with dilute hydrochloric acid.
The product obtained by this methed is p~hydroxy=-o«-acet-
aminocinnamic acid. Hawevar;‘ﬁeraﬁtained a deep-red orystal-
line crop which had to be garifiaﬁ extensively by recrystale
lizatlon from boiling water., The final yield of pure product
by this method was 1?~28%; go this method was rejected,



*69w

3 2gﬁyﬁraxypheny1§yruvie acid.

CH=0—COCH + 3 H,0 + HCL CH — (¢ —COOH
gﬁgecgs 2" 2 § | + 2 CH,COOH
? +
00CCH; ou NH, 01

Herbst and Shemin's directions for preparation of phenyl-
pyruvic acid were followed for this reaction. The substituted
cinnamic acid [0.05 mole) was refluxed for three hours with
200 ml. of 1 N hydrochloric acid. Refrigeration of the re-
sulting solution gave 72-78% of slightly yellow nryatala;
melting at 202-203° {uncorr.). Since it was desired to use
pure p~hydroxyphenylpyruviec acid for conversion to isotopic
tyrasine; the procedure wag modified by adding Norite to the
hot solution immediately after refluxing was'en&ad; filtering
while h&t; and refrigerating for 2A~£8 hours. This gave
yields of from 48-53% of pure white produsct, melting at 204.5-
2059. This modification was found to be more satisfactory
than recrystallizing the product originally obtained; such a
procedure resulted in a pure produst, but in only 20-30%
final yleld, ,

p-Hydroxyphenylpyruvie aaia; like all KL-keto aoi&s;
slowly decomposes upon atanaing; turning e light- to dark-
brown color, Therefore this step was not performed until we
were ready to use the intermediate in the next step. Thus;
stockpiles of p-acetoxy~A~-acetaminocinnamic acid were ac-
cunmulated, and p-hydroxyphenylpyruvic acid synthesized when
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needed in amounbts adequate for the next reaction.

ke NY3-Dl~Tyrosine,

— o CH. CHCOOH
2§ +2 ¥ H, 2 115 o
, 53 Dlack 2
oH | | 1

The reaction used to incorporate lsotopie nitrogen into
the tyrosine moleeule was first reported by Knaa§ and Qester-
1in {104). They used this reaction as an analogy or model for
& possible method ef'fafmatiaa éf amino acids in ﬁhékanimal
body from carbohydrate and atﬁér nﬁﬂ~prﬁtain prequraera.
Sechoenheimer and Ratner (1@2) lateé adapted it for synthesis
of §15«B$~®yrasing; improving the reaction by using palladium
bl&ﬁk; instead of platinum black, as the hydrogenation cata-
lyst. ‘ A

The isotopioc ammonia used in ﬁhe reaction was generated
from emmonium nitrate containing 7.5 atoms% N'° in the am-
monium redical. This was done by dropping a concentrated
water solution of the apgragri&ta amount of enriched amnonium
niltrate into bailingy&@%‘sm&iaw.hydroxiée’ Nitrogen gas was
bubbled through the mixture to minimize bamping; and the iso-
topic ammonia was swept directly into the reaction bottle
containing the palladium catalyst suspended in 95% ethyl
aloohol. A "cold-fihger" condenser was placed between the

generating flask and the hydrogenation bottle to prevent
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water distilling over. ‘Tha hydrogenation reaction botile, an
ordinary eitrét@ bﬂ%tle, was cooled in a mixture of alcohol
and dry-ice to further the solution of the ammonia in the aleo~-
hol. To save any isotopic ammonia which was not absorbed in
the reaction ba%tla; a lead-off tube from %@a hydrogenation
bottle was lmmersed in dilute sulfurlc acid, ﬁesignate& Trap
1. N

It was found that two moles of ammonia were needed for
one mole of p-hydroxyphenylpyruvic¢ acld: one mole for the
amino group of the tyresina; and one mole to form the ame
monium salt of the acid. This latter amount is recovered
from the reaction miktare at the end of the hyﬁrcganatﬁon;
as will be described later. Y

The isotopic ammonium nitrate was abtainadvfram bast-
man Kodak Company, and contained 7.5 atsmﬁ% Hls; or 7.12
atoms% excess N15 over normal abundance. Such an enriehwk
man? allows a little avar~é 1:200 dilution with normal nitro=-
gen, since the mass spéetramatar can detect a 1% difference
in the normal ratio of E15/§1§ of 0.00379 (s&e Appendix A),
On an absolute baaia; thahﬁmaant of isotope used in excess
of the normal amount may be calculated sasily. Thus; 6 gm.
of enriched ammonium nitrate are used in a single synthesis
of El5ﬁﬁzp@yrcsine. Since this salt contains 7.12 atoms®
excess N15, the amount used is 0.427 gm. of excess N:5,

In a typical raﬂ; 6 gm. 59;6?4 moles) of ammonium
nitrate were dissolved in 20 ml, of water and dropped into
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40 ml. of 10 ¥ sodium hydroxide heated to boiling with a
microburner, The ammonia generated was swept over by a
stream of nitrogen into the hydrogenation bottle containing
2 gm., of catalyst suspended in 35 ml. of 95% ethyl alcohol,
It was found that from 2i-3% hours were required to sweep
over this amount of ammonia; the long time necessary was
probably due to a too-efficient condenser in the generating
system.

4 suspension of 6.63 gm. (0,037 moles) of p-hydroxy-
phenylpyruvic acld in 35 ml. of water was then added quickly
to the hydrogenation bottle. The bottle was placed on a Parr
low-pressure hydrogenation apparatus and connected to the
hydrogen reservoir tank.

The reaction bottle was then evacuated until the alcohol
just started to boil, then filled with hydrogen, evacuated
and filled with hydrogen again, evacuated and filled with
hydrogen a third time. Three such evacuations and fillings
with hydrogen were found %o be sufficlent to remove practi-~
cally all of the air. With the bottle filled with hydrogen
and opened to the hydrogen reservolr, the shaker mechaniam
was started, the temperature read and the hydrogen pressure
in the system noted.

The hydrogenator had previously been standardized by
the method of Adams and Voorhees (117), in which 0.1 mole
of pure maleic aaia; melting at 134.0-13¢.5a; was é&anti-
tatively reduced to suceciniec acid. By noting the dial
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pressures at the beginning and end of the reaction; it was
agcertained that thayaptake of 0.1 mole of hydrogen corres-
ponded to a pressure drop of 9.9 pounds per square inch at
2503. Thus the theoretieal uptake of hydrogen for the pro-
duction of tyrosine as pietured on page 70 would be the
pressure drop corresponding to 0,037 moles, i.e., 3.7 pounds
per'sqnara ineh. The shaking was continued until this
pressure drop wasvnht&iﬁaﬁ. In several trial runs with
normal ammonia, this uptake was usually observed to ocour

in from 2-4 hours with platinum black eatalyat; and from
0.5-3 hours with palladium black. In a few instances this
pressure drop was not realized; inasmuch as these instances
coincided with the third or fourth run with the same catalyst,
it was concluded that the eatalyst needed regeneration every
two or three runs for this partieular reaction. ‘

At the end of the reactiaa; the bottle was removed from
the app&r&ﬁag; and excess ammonia was distilled into dilute
sulfuric acid (Trap 2). For this dis?illatisn;kwhieh wes
carried out over a boiling water bath, it was found advan-
tageous from & time standpoint to add about 5 ml. of N sodi-~
um hydroxide to the reaction mixture., Nitrogen gas was
bubbled through to prevent bumping and to sweep the ammonia
gas over into the receiver; it was also found neceasary to
aéﬁ alecohol to the distiliaﬁidn mixture periodically to re-
place that which distilled., This distillation ususlly re-

quired two to three hours in order to recover all of the
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ammonia; the end of the time was determined by testing a
drop of the distillate with litmus.

Traps 1 and 2 were analyzed by the Kjeldahl method
for nitregan; and; in the aaée of runs with iaﬁta§ie am=
mﬂnia; saved for recovery of the isotope, From the nitro-
gen determinations it was found that the reaction to form
tyrosine usually consumed from 0.03 to 0.0, moles of am-
monia when 0.037 moles of the hydroxyphenylpyruvie acid
were used. ‘

After the distillation of ammnnia; a small amount of
hot water and about 2-3 ml. of concentrated hydrochloric
acld were added to dissolve the tyrosina;‘whish precipi-
tates as it is formed on the hydrogenator. The catalyst
was filtered aff; washed well with alcahai; and stored
under aleohol for re-use., The tyrosine wasg pxeéipitateﬁ
from the filtrate by neutralization with aaﬁium.hy&roxiée;
plus glaclal acetic acld dropwise until slightly acid to
1itmna, followed by refrigaratian. After a minimum time
of 24 hours in the refrigerator, the tyrosine was filtered
off, washed with absﬁluﬁe ethyl alsahcl and ether, and dried.

As has been pointed out already, it was found that a
particular amount of catalyast could be used only two or 7
three times. The third use usually gave variable results;
therefore in sll runs with is@tapa; the catalyst was never
used more than twice. Schoenheimer has pointed out that

this type of reaction requires s rather large amount of
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catalyst. This was confirmed by our experiments; the op-
timum amount was found to be about 2.1-2.25 gm. of catalyst
for 0.037 moles of hydroxyphenylpyruvie acid. Ve have alsg
confirmed another faet which Schoenhelimer reyartaé; ﬂamaly;
that palladium blaek is much better than platimum black as a
¢atalyst for this reaction. This is amply illustrated by
reference to Table l; which shows a comparison of the two
catalyats used in the reaction.

A summary of the reactions used and the ylelds obtained

in thelayatnesis of ﬁiE

«DI~tyrosine 1s given in Figure 1,
page 76.
Table 1

Comparison of Time and Yield of Tyrosine Production
with Different Catalysts

Run Qataiyéﬁ | Time for theor-  Yleld
etig;érggzgka of
lr Flstinum black | #’hoara 15%
2 " " 7 2244
3 " " 3% 52.5
# Palladium black 3 75
5 " " 5% 89.4
7 " " 1 72.8
9 " " 3/4 88.2
10 v " 1% 90.1

1?191@ based on 0,037 moles af‘Eykyﬁrﬁxyghanylpyruvie acid,
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Figure I. Reactions inﬁ Yields in the Synthesis
of N1J-pL-Tyrosine
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N B. Resolution of 515~D£~Tyrasins

In view of the difference exhibited by the animal ore
ganism in the metabolie handling of L~tyrosine and D~tyro-
sina;'as,aitaﬁ in the Historleal aaetiau; it was consldered
of prime importence to use the l-igomer in our investiga-

tions, Therefore the resolution of the synthetie §15~BL~

tyrosine to abtain.ﬁls*ﬂﬁtyxeaiﬁa was our next concern.

" A survey of resolublon methods already published ghows
surprisingly few good methods of obitalning the natural iso-
mer from the racemate, This is probably due to the fact that
optically~pure Lﬂtyragina ie easily isolated from natural ma-
terials without racemization occurring. Until the recent use
ef‘isatayas; ﬁharafora; there has been little need of a
practical and satisfactory resolution procedure. Fischer
- (118) in 1899 resolved the benzoyl derivative of DI~-tyrosine
with brucine tﬁ‘gbtaia 44% yileld of benzoyl-L-tyrosine. The
entire p?oaaéﬁra,‘inaiuﬁing benzoylation, resaiutien; and hy-
drolysis, was felt to be too long and give too low a yield to
use with the iﬁﬂtﬁpiaally»markaa amino acid. Abderhalden end
Bickel (119) uéeﬁ brucine to resolve faﬁmylﬁﬁiftyraaina; but
were able Lo obtaln only the formyl-D-tyrosine, Triem (126);
using‘ahclaatanana sulfoenic aai&; also obtained only the D~
isomer. _saalaak {121}; in a papsr on the preparation of D-
tyrosine, has reported the isolation of the L-isomer. He
used the aa?alyti& aaaamizaﬁian §roeaﬁara of du Vigneaud and
Meyer (122), in whieh the diacetyl-DL=-tyrosine is prepared



from the natural Lyrosine., Upon the hydrolysis of this to

the N-monoacetyl=-DL-tyrogine, a good yield of the D-~isomer is
obtained with brucine, The mother liquors from this give the
I~isomer by dlstillatlon of the wleohol and recrystallization
of the residue from water until optically pure. Although this
is admittedly an indirect mevhod, 1t seemed the wmost satisfac-
tory one at hand, especially slince the acetyl-DI~tyrogine can
be prepared in excellent yields.

1¢?rs§aration of ﬁls*aeetylﬁﬁLétyragina

The procedure used for the preparation of the monoacetyl
derivative of tyrosine wag egsentislly that ased by Seclock
and du Vigneaud (123) for the preparation of mcebyl-DL-tryp~
tophane., All steps in this and in subsequent sectlons were
tried thoroughly with normel {i.e., non-isotopic} compounds
before proceeding with th®,§15~esﬂtainiﬁg substance,.

In a Bypical run, 4 zm.{0.022 moles) of DL-byrosine
were dlssolved in 8 ml, of water and 1l.2 ml. 2 ¥ sodium hy-
droxide, and cooled in lce-water. The solubion was stirred
mechanieally, and 53.5 ml. of 2 N sodium hydroxide and 5.35
ni. of redistilled acetic anhydride were added in ten por-
tions over g peried of one-halfl hour. Care was baken to

keep the solutlon slkaline ¢ phenolphthalein at all times.
The mixture was stirred for ose hour at room temperature,
and then the calculated amount of 6 N sulfuric aeid to
neutralize the sodium hydroxldc exactly was added. This

amount was determined by dirvect tltration of the sulfurie
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acid with the alkali used in the raaction, using phenol-
9hth&lein as 1néiaatar.

The n&utralizad mixture was concentrated in ggggg,'water
added and concentrated again, anﬁ again a third time water
added and concentrated. The resulting mixture of brown oil
and white solid was extracted with about 50 ml. of acetone.
This was filtareé, and the solid on the funnel (sodium sul-
fate) was washed well with more acetone and filtered. The
acetone s&iuﬁi@n was eanaen@rabéé in vacuo, water added and
eoncentrated again;,thiﬁ‘wa$ répeaﬁaﬁ antil all traces of
acetone were absent, ?hay&ésalting 0il was then transferred
to & test tubse with & transfer plpette and diluted to 15 ml,
volume with water. The sides of the test tube were scratched
well with a glass stirring rod autil erystallizatian ccmmanaad,
and then refrigerated for 24-36 heara.

The preaipitatea acetyltyrosine was‘filtare&; and the
filtrate waa‘canaéntrated ﬁg sbtaig a‘aeegné’grag. Yialﬁ;
Lel gm. of firﬂﬁ erop and 0.2 gm. of second cfop; 80% of
theoretical., The aceiyltyrosine was the m@nohydrata; melting
at 89-909C., uncorrected. Sealock (121) gives as the melting
point 94~95°C., corrected. | |

It was found that the acetyltyrosine thus obtained was
satisfactory to use without further parifigatisa. The ylelds
varied between 74 to 85% in all preparations with the Hl5&
tyrosine. In all, from 35 gm. of §i5 »ﬁzwtyresima; 36 gm. of
§ls ~goetyl=DlL~tyrosine were prapared; giving an average



yield of 77% of the theoretical,

2, Attempted resolution with brucine

According to the proecedure of Sealock {121}; 4«05 gm.
(0.0168 moles) of ﬂaaaetyimﬁLwtyrasige monohydrate and 6.62
gn. (0.0168 moles) of anhydrous brucine (melting 173-174°C.)
were dlssolved in 42.7 ml. (4 volumes) of absolute ethanol
plus 0.3 ml, of water by warming in s beiliné water bath.
This solution was allowed to stand at room temperature antil
@rystailizatiah 3ﬁmméncaﬁ, aftariwniah it was refrigerated.

The resulting éryatéllin& precipltate was recrystallized
thrée times from 4 val&mﬁs‘éfFQS% ethanol to give a 79% yield
of 0§$i&&11y~§ura brucine-acetyl-D~tyrosine, However, we
were abl@ to reaa#ax only 0.7 gm. {(13% of theoretical) of
pure brucine-acetyl~-L-tyrosine from the mother liquars; plus
1.16 gm., of racemic mixture.

A repetition of this procedure necessitated seven re-
arysi&llizatians in order to purify the bruainewaeetglaﬁu
tyrogine, At this point it was deeided that thls method was
- golng to be unsuitable for our gargaéas; and other méana of
obtaining tﬁa L~isomer were sought.

3. Development of a resolution method by means of optically~
a6tive L-phenylethylamine | o

Sealock and du Vigneaud (123), in 1932, had reported the
preparation of D~tryptophane in good yisld by the use of d-
KL~phenylethylamine and acetyl-DL-tryptophane. Later, in this
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laﬁaratmrylf it was found that 1~d1~phaﬁylathylamina gives a
good yield of aaetyi~$»tryptepkana from the racemate. Thare»
fore it was d@aiﬁa& to @ry 8~ and l-oCephenylethylamine with |
aeatylmﬂLntyrasine, in the hopes that one of these optieallyw‘
active bases would yield a 3§axingly~aalubla salt with acetyl-
L-tyrosine and thus enable us to obtain the desired isomer
directly. This nseasgitaﬁa& the synthesis and resolution of
the amine. | | | L S

8., Synthesis of dl-ol -phenylethylamine, @&l-L-Phenyl-

ethylamine is ba&t.ﬁaée‘by ga%&lyﬁia re&uetien of acetophenone
in the presence of ammonia (124). This, hﬁwever; ragaires
quite high pressures (in the neighborhood of 150 atmasﬁharas};
and a auitabla~§igh»preaaars hydrogenation apparatus was not
available to us. M@hr {125) has reported a synthesis of this

amine by reduction of aaetaphaamna aximﬁ, thus:

@%ﬁ%ﬁ 3 | c:gﬁ;%i O"gﬁ”ﬁ%

He did not report a yield for this reaction. Several runs

by this method gave a maximum yield of 21% of amine in our
hands. 7

The amine was therefore synthesized by the procedure of
Ingersoll {(126). Since no modiflications were made in his

1Saalawk‘&n& Barelay, unpublished experiments
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directions, a detalled description of the procedure will not
be given here; a diagrem of the reactions concerned will suf-

fice:

~COCH, + 2.HGQO§E S *GH + 2HO » ¥H
3 3 2 3
NHCHO
‘ ; _ B 602,

Gﬁé-cﬁB + HO - HCl CH-CH, + HCOOH
NHCHO —>|  [mEpECGL
NaoH

O—fpﬁu(}'ﬂg + NaCl + H,0

We were wiable to ﬁayliéata the yield stated by the authorl
our yielsia varied from 31% o 46%, based on aaemphemnm

The smine was purified by crystallizing and recrystale-
lizing the axalaﬁa salt, followed by %aag#ery of the amine
from the salt’; beps 185%86&3. {uncorr.).

b, Resolution of dleoC~phenylethylamine. The dl-amine
was regolved by the procedure given by Ingersoll {126); using
l-malic acid and d-tarteric acid. The d~phenylethylamine~l~
malate was gystematically recrystallized from water until the
eriteria given by Ingersoll--"massive corystalline form and
solubilityv~-were obtained,
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The yield of this salt was 66% of the theoretical.

The amine from. the mother liquors of the above crystal-
lizétians, ebntaiﬁiﬂg a large excess afvtnetép&arm; was re-
covered from the malate salt and precipitated as l-phenyl-
atnyiaminaggytartrata. This salt was r@éryatalliQQdkunﬁil
it gave a csnstant”3§eeifi@ retétiea of = 13.6° (ingarsﬁll
glives - 13,2° for tné salt). This fraction was obtained in
a 62% yield. o ' | "

One run of the above salts was stored as such and the
amine recovered in the amount desired faé use, From snother
run the l-amine and the gyamia@ were recovered from their
respective salts and stored 1n the pure free state.

Pigure 2; page 34; shows a schematic diagram of such a

resolution.

c. Salt formation with o(~phenylethylemine and acetyl-

tyrosine, The first paiﬂt to investigate was whether either
isomer of the amine would form a/cryatalliaabls or sparingly-
salabia salt‘with acetyliyrosine. Accordingly two solutions
of the amino aecid, each containing 0.5 gm. in 5 ml, of 95%
eﬁhanol; were made. To one was added an ether solution of
0«25 gm. of l~phenylethylemine, and to the other an ether so-
lution of 0.25 gm. of gyphenylathylaéina. ?hasé ether so-
lutions were maéa by dissolving 3,56 gms of l-phenylethyl-
amine-d-tartrate for the one, and 6.53 gm. of @-phenylethyl-

amine~l-malate for
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the other, in 5 ml. of water, addiny 2 ml. of 20% sodium
hydroxide and extracting four times with 5 ml, portions
of ether. The resulting ether solution Gf:tkﬁ appro=-
priaﬁe amine was éri&d with anhydrous ae&i@m.aulfata‘aa&
filtered into the alechol solution of the amino acid,
The ether was evaporated off hy‘agration, and the aleohol
solution cooled in lce-salt mixture.

| Both tubes gave & small amount of white,erygtalline
solid. It was found that changing the solvent to absolute
ethanol gave & larger amount of precipitate. The l-amine
gave more salﬁ formation with the acetyltyrosine than did
the d-amine. Remembering that with acetyltryptophane the
l-phenylethylamine gave a more inseluble salt with acetyl=-
L»try@téyhaa@; it Was,ﬁ%ei&adxiahinvestigaté the possibil-
ity of the sanmse tyﬁa of salt formation with the l-phenyl-
ethylamine and &agtyltyrasina.'

Before proceeding further, the salt formed with the
l~amine and aeetgliyrnsina wag investigated for degree of
hydration. Thus, 6,1514 gm. of the salt was dried in a
Fischer dryer over phosphorus pentoxide; the @eight of
the dry salt was 0.1372 gm, The loss iﬂ:waight;kdua to
the removal of water of hydration, amounted to 0.0142 gm.;
or 9‘3§; This value maﬁ be compared with the theoreti-

" eal value of 9.45% water for two molecules of water of hy-
dration.

Then 4.0 gm. {0.0164 moles) of acetyl-DL~-tyrosine mono-
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hydrate and 1.98 gm. {0.0164 moles) of pure l-phenylethyl-
emine were dissolved in 24 ml, (4 volumes) of absolute
ethanol plus 0.3 ml. of water with warming. The sides of
the tube were scratched with a glass re&; and the mixture
refrigerated.

The s011d which was filtered off after 24 hours amounted
to 1.0 gm. when dry. In a caplllary tube it softened at 84“
and melted at 95“93Q.W1§h;ﬁ@ﬁﬁ&@@ﬁiti&ﬂ. To investigate
which isomer of the acetyl-DI~tyrosine had been precipitated
in the sglt; 0.213 gm.; aéaivaiegt to 0,125 gm. of acetyl-
tyrosine, were dissolved in 5 ml, of water, 5 ml, of 5 N
godium hydroxide added and ﬁ&a mixture extracted three times
with 4 ml., portions of ether. The extracted water layer
containing free acetyl-tyrosine was neutralized and made up
to 25 ml. with water; and the optical rotation of this sow‘
lution determined in the palarimsﬁer. The specific rotétian
was =30.1° {0.5% aolatian; 2 dm. tube). |

This first erop of Balt was recrystallized further from
three volumes of absolute eth&nai; and the resulting preci-
pitate investigated for evidence of further optical purifi-
eation by the above method. The specific rotation of this
fraction, after extraction of the amine; wasg -35.»29,
Sealock (121) gives as s?agifie retatians; + 47.3° for aéatyle
L»tyraéina (0.5% in watérj, and - 45.30 for acetyl-D-tyrosine.
Thus 1t was evident that the particuler isomer involved in the
salt formation with l-phenylethylamine was the acetyl-D-tyrosine.
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Since the acetyl~l-tyrosine was the isomer desired, it was
decided to try'gfghanyletﬁylamin@:W1th‘aeetylﬁnzmtyrasine.

Four grams {0.0164 moles) of acetyl-DI-iyrosine and
2,0 gm, (0.0164 moles) of d-phenylethylamine were dis-
sglve&'in'la,mlg {3 volumes) of absolute ethanol plus
0.3 ml., of water with warming., The lowered ratio of salt
to solvent was tried in k@p@ﬁ'%ﬁat a larger yield of salt
would be obtained, | |

 The first orop of salt smounted to 5.0 gm., had a

specific rotation of + &‘9?9;‘ané a melting point of 95-
102°a, Upon going through the procedure for splitting the
salt as given on page 86 in order to observe the specific
rotation of the acetyltyrosine involved in the salt forma-
tion, a value of + A.}Q was obtained., Further recrystale-
lization and investigation of the acetyltyrosine precipi-
tated as the amine salt gave specifioc rotation valuss of
+ 15.59; + 35.&9; and + El.éa.* The specific rotation of
the aeetyltyraaiﬁeﬁgrgsenylgthylaming%aaiﬁ from the last
erystallization was found to be + 36.3?0. Thus it was ob-
vious that optically-pure acetyl-L-tyrosine can be obtain~
ed by the use of d~phenylethylamine in relatively few re-
orystallizations. The yleld in this first attempt was 33%
of the theoretical.

The detalils of this resolution are summarized im Fig-
ure 3, which served as a gulde for sahaagaent resolutions

of the ﬁ15~aa$tylwﬁﬁwﬁyraaine by the use of d~-phenylethylamine,
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L+0 gm. { {)*Qlék mles) acetyl-DL-tyrosine Hos0
2.0 gm. 4~ L~phenylethylamine

é“a ghe

18 ml, {3 ?33.3)
abgol. gtgﬁ - 9‘3 ml.

H,0
I VA NaOH, ether extrotn.,. 5« %; 30
5.0 gm. neutralize water soln. op :
m. 90-102° fl
o(_]_o—-'i"*li-og?
15 ml. absol.
BtOH
T Ya NaOH, ether, neutralize «J=+15.5°
2.9 gm. water soln. o
e 96"“9‘)’6&0
2,6 gm. in
8 ml, abﬂfﬂlm
BtOH
IIT “A » NaOH, ether, neutralize . oC]: #35.4°
1.65 £m, water soln. b
93-1{)1%. |
og *1'27&5
1.3 gns in
4L ml, absol.
EtOH
v Ya._ NaOH, ether, heutralize . «]-+51.4°
1.0 water soln. ? , |
M 102~3.939é. pure acetyl-
oc] =436.87° ‘ I~tyrosine

~ ¥igure 3. Resolution of acetyl-DL-tyrosine with 4~
o< ~phenylethylamine



‘4. Resolution with d~oC~phenylethylamine. Having de-
veloped a rapid and simple method for obtaining acetylel=

tyrosine, the isotople acetyl-DL-tyrosine was resolved with
the usa-ar‘érégrphenyiethyla&iﬂe;'in‘bataﬁes of 0.0228 mole

to 0.0318 mole, Of the seven batehss resolved, two of thenm
‘required only one raarystalliza@ian to obtain optical §arity;
while the other five batches reguired only two recrystalliza-
tions. The yields varied from 36-70% of the thsoretieal; with
an average of 504 for the seven runs.

The eriterion of optieal purity of the ﬁlﬁwaestyluhutyraa
sine-d- A-phenylethylemine was & specific rotation of +36.87°
{Ce5% in w&t&r}; as shown in the previous section. A devia-
tion of 104 in the rotation was deemed close enough for
accepitance for our work. |

 The mother liquors from these resalutiona were saved
and asmhina&‘ From this aambina& solution the aestyltyroaine
was réééﬁewaé, by first replacing the alcohol by water as
solvent, making alkaline and extracting the phenylethylamine
aﬁay~with’ethar; and then;perferﬁiag the racemization pro=-
cedure of Saaleak:(lzl}, This yielded the monoacetyl-DI~
ftyrasiﬁe. The amount of ecetyliyrosine in the mother liquors
at any one time was caleulated from the known amount of acetyle
DL-tyrosine used minus the amount reaavérsé as aeatyl~£~£yro-
gine, From one bateh aaataiﬁiﬂgk13‘9 gm. of éeetyltyresihe;
11.95 gm. of acetyl-DL-tyrosine were re~
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covered, for an 85.5% yleld. This amount was then resolved
by the above procedure. , ;

The next step was the isolation of N}5-L-tyrosine from
the resolved salt., The following procedure illustrates the
isolation of the desired compound.

Three and eight-tenths grams (0.0l mole) of the NlJ-
acetyl~-lL~-tyrosine-d~X -phenylethylamine dihydrate were dis-
solved in 25 ml. of water with warming. ‘To this solution
was added 10 ml, of 5 N sodium hydroxide, and the resulting
mixture was extracted four times with 10 ml. portions of
ether., The aqueous layer was neutralized with 4.2 ml, of
concentrated hydrochloric aeié; and 30 ml,;mﬂre‘af the cone
centrated acid were added to mske the final solution S K in
hydrochloric acid. The solution was then refluxed for 3
hours and acncantrapeﬁ to dryness. Thirty ml. of water were
added to the residue end distilled off; shis was repeated
&ga;n to drive off axaésg acid,. o

The Tinal residne was dissolved in}le, of water; the
solution treated with Norite and filtered, end the N}5-L- |
tyrosine precipitated by neutralizing the filtrate with sodi-
um hydroxide and adding twe drops of glacial acetic acid to
make very slightly acid., After 24-36 hours of refrigeretion
the tyrosine was filtere&; washed with absolute aleohol and
ether, and dried. The resulting yield of alsvxntyrasiﬁe was
1.4 gme, 76.8% of the theoretical. The specific rotation of
the tyrosine was ~7.2°9 (2% in 1 N HC1). Sealook (121) lists
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a specific rotation of =10.6° for a 4% solution of Letyro-
sine in 1 N HCl, = OgHy;04N, X cale. 7.74%

found 7.69%
7.72%

Table 2 givéska aammary 0f“réaaluﬁiaaé and isolations of the
‘W15-1-tyrosine performed for this work.

Table 2. Resolutlon of Wij-pcetyl-DL-Tyrosine by Use
of d-K~Phenylethylamine

e mader G el er
| » R42-~L=tyrosine

1 35,05  36u°

1T 43.5 - 34,0

III 55.0 | 33.7 |

1 w0 37.1 76.88 2
v 5840 33.0 |

VI 40.0 33.3 76.8

vII 60,0 3642 765

3 w5 =a0etyl-l~tyrosine-d~K~phenylethylamine
2 Runs T-IV were combined for isolation of Elﬁ%iwtyraaina;
Runs V and VI were likewise combined.

C. ¥15-L-Tyrosine Oxidation in Vitro

The general plan of our experiments was to lncubate tyro-
sine with a cell-free extract of liver, and determine ir possi-
ble the fate of the nitrogen apsﬁ oxidation of the amino mecid.



A suitable method for carrylng out such a procedure is the
use of the Warburg respirometer, since the oxidation of the
substrate may be followed by manometric measurements, and the
incubation stopped at a définlte stage of the process.

Several investlgators have used thils teahni@aa in followe
ing the oxidation af,émiaﬁ éeiﬁa by animal tissues, and the |
conditions have been well studled in the case of tyrosine.
gﬁalmck anﬂ Goodlend (34}; in their recent y&per; have given
the agﬁiﬁum conditions for oxidation by guinea pig liver,
Their results were made use of as far us possible in the pre-
sent work, - |

As in all of the previous steps, runs were made with(
non~igotopic substrate before using the "marked" tyrosine,

In this way conditions were standardized for the fractlion-
ation procedure to be performed on the incubation mixtures
in which isotope was used. Both the dummy runs and the runs
using isotopic compound will ve described in this end the
next section.,

. pfter performing the incubations in the r@ﬁpixsmsﬁsr;
the fractionation of this incubstion mizture offered two
general alternatives. One could elther attempt to isclate
any compound possible by usual protein hydrolysate fraction-
ation procedures and then investigate such compounds for iso~
tope content; or one could atart.frem’a definite hypothesis ‘
and prove or dlsprove that hypothesis by ia&tapa determination.
The small solmbility'ef tyroasine in solutions of the proper
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pH for enzymatic action limited drastically the size of the
incubation runs. This in turn made the first alternative ex-
asaﬁimgly difficuld fram a manipulative staadgaint»

on tﬁa other hand, there nas heen atataé an nypeth@sis
af'tyraﬁina oxidation whieﬁ lends itself aﬁmirably to proof
efrﬁisprsei by isotepe determination. This is the scheme of
Felix and Zorn (61) outlined on page 39. It will be recalled
that they yr@sénte& evidence that the oxidation of tyrosine
by liver “Erei* preéueé& & mole of alanine for each mole of
tyrosine oxidized. It seemed to us that their analytical
methods ware'nat specific enough for alanine tavascept their
cenclu&ians without further substantiation. Therefore the
first ga&l which we set was to prove or disprove the presenee
of alasine in the incubation mixture by means of isotopie
ecnﬁant. |

Fortunately there has been reported a precipitant for
alenine which is quite specific. Bergmann and his co-
workers {lzg}vha?e iﬁvastiga@ea the solubility yraﬁuat’af
aalts of amino azi&s with_maay aromatic sulfonic acids. They
found that ﬁ%ﬂbéﬂ&%ﬁﬁfﬂfﬁﬁlﬁﬁﬁie acld formed a salt with éla-
nine with a smaller~aolability product than eny athﬁr amino
acld. Qﬁerating within the correct concentration range, they
were able to isolate alanine from silk fibroin hydrolyzate
in excellent yiélﬂ; The only restrictions found necessary
for the yreaipitaéian of alaﬁinéfware freedon from &eftain

orgenic bases which farm}iﬂsaluble salts with the azo dye
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even in acid solution §i§eri§iﬂe, aniline, gyriﬁine§ hy=-
ﬁr@xylamina; ethanolamine, creatine, and urea}; and ¢cool-
ing to 0° for the precipitation,

It was planned therefore to add a certain amount of
normal Le-alanine to the incubation mixture as a carrier
(since the amount of isotople alanine derived from ty-
rasiﬁa; it any; would necessarily be very smeall) and iso-

late the alanine salt formed with azobenzene~p-sulfonic acid.

‘1. Manocmetric method

The sources of liver tissus were young healthy guinea
pigs maintained on a stock dlet of Purina ehow (Checkers)
with supplementation of green leafy vegetables and carrots.
Te make sure that satlsfactory oxidation would take place,
the animals chosen were given 50 mg. of ascorbic acld by
mouth twenty-four hours before use. The animals were killed
by stunning and severing of the jagulaﬁ veing, The livers
were removed as rapidly and completely as possible and
weighed, The livers were cut into small pileces with =zclssors
and homogenized in a Wering Blendor with about an equal
welght of 0.2 M phosphate buffer of pH 7.4. The Blendor
Jar was cooled in ice-water before use, and the homogen~
ization was carried out in three one and one-hslf-minute
periods with intermittent cooling. The resulting mixture
was centrifuged at about 2000 r.p.m., and the residue ex~

tracted twice with amall amounts of phosphate buffer.
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The resulting supernatent layers were made up to such & vole
ume that 1 ml, of cell-free extract was equivalent to 0.5 gm.
of liver. The pH of the extract was adjusted t0 7.4.

The inoubation flasks were asua; %arbérg vessels with
side-arm and center well. Twelve flasks were used for each
xuﬁ; vIn:aaeh Tlask 2 ml. 0?411?3? extract were put in the
main eamgartmant; and 0.3 mls of 20% potassium hydroxide and
a roll of filter paper in zné center well. In six of the
flasks 1 ml. of phosphate buffer was placed in the side arm;
this series served as the control. In the other six flasks
1 wml. of ﬁyréaine selaﬁigg in phosphate buffer, containing
1 mg. of tyrosine per ml., was placed in each side arm.
These six constituted the experimental serles. In addition
zero time tubes were set up for each run. TFor in&tgnae; in
tube 15 was placed 2 ml. of 10% metagheﬁphﬂrie acid, 2 ml.
of liver axtraet 1l ml. of phosphate buffer, and watar to 10
ml. In tube 16, 1 ml., of tyrasin& solution rﬁpiaea& the 1 ml.
of phosphate buffer. In tube 17, 2 ml. of phosphate buffer
re§1§saé the liver ﬁxtraaﬁ;}atherﬁise it was like tube 16,
Thus, tube 17 was a standard for the colorimetric determi-
nation of tyrosine carried out on tﬁ& éantzal and experimental
flasks at the end of the incubation. Alaa; the tyrosine
value found in tube 15 aahtraat@d fram.ﬁha tyraaiaa value
faanﬁ in tube 16 gerves as a check on the standard and thus
a check on the &e@araay of the colorimetric method for dew
termining tyrosine. The use of these zero time tubes will
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be illustrated below in the case of the firat run.

The flesks were placed on individusl manometers and
mounted on the respirometer so that the flasks and contents
were immersed in a 37° constant-temperature water bath. The
shaking mechanism was sharta&; and after & 15 minute equili-
braticn period the contents of the side arms were mixed into
the main compertment ané‘mix@é,thareughly with the liver ex-
traet. The oxidation of the substrate was then followed by
. pericdic reading of the manometers.

At the appropriate time the incubation was stopped by
transferring the contents of the fiasks as @aiekl? &s possi-
ble to a centrifuge tube containing 2 ml. of 10% metaphos-
phoric acid per flask. The contents of the six control flasks
were combined with 12 ml. of the deproteinizing aaid; and
the contents of the six experimentel flasks were likewise
combined. Both mixtures were made up to 60 ml. with watar;
stirred well and allowed to stend 3 hﬁur; after which they
were centrifuged for 10 minutes at about 2500 r.p.m. TEach
residue was washed well with 10 ml, of "synthetic mother
liquor™ (3 ml, of phﬁ@@hatﬁ baffergrz ml. of 104 metaphos=-
gﬁarid aaié; and 5 ml. of waﬁer); snd the combined centrifu-
gates of sach series were refrigerated.

As an illustration of the use of the zero time tub@s;
tyragiga determinations were made on 1 ml, of the control
series, the experimental serles, and of each of the zero

time tubes listed on page 95. The colorimetric method used
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wag that of Pollin and Cilocalten {127). The calculation isg

as followe:

tab%gIE::“%abe 15 & 0.552 X 70 = p moles vyrosine present
‘ in ® «

This value is subtracted from the u moles of tyrosine
nsed in the incubations to give the amount oxidized in the

enzymatic reactions.

2+ Practionation methods

Meny preliminary tesﬁs and experiments were performed
in order to standardize conditions as much as possible, The
precipltant used, azobenzene-p-sulfonic acid, was prepared
some time previous to this work by a former member of this
laboratory (M. E. Speeter) by sulfonation of commercial azo~
benzene with fuming sulfuriec acid. It was recrystallized
twice from 1.5% hydrochloriec acid after treating the solu-
tion with Norite and filtering. It had a melting polnt of
125-12693, in a eapillary tube, and 133-134%4. on the
Pilsher-Johns micre hot sﬁagei, Drying a sample in the
Figeher dryer over phosphorus g@ﬁtgxiﬂa in vacuo showed the
dye to have two molecules of water of hydration. Thus,
0.1482 grn. of compound lost G~G2QL gme upon drying, or
13.56% water., The celculated value is 12.10% for two mole~
cules of water of hydration.

The azobenzene sulfonste salt of Dl-alanine and the

lAll melting points given are uncorrected.
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corresponding salt Qf I~alanine were prepared to serve as
reference compounds. In both cases they wera,prepared by
dissolving 0.5 gm. of the amino aeid in 25 ml. of 1 ¥ HC1,
adding 0.75 gm. of the sulfonic acid and refrigerating.
The precipitated solid was filtered and recrystallized
from the minimum emount of hot water. From Di~alanine was
obtained 0.70 gm., of salt, m. 235~23?Qﬁ. in a capillary
tube, 255-256.5%1. on the Fischer-Johns block. From Leala=
nine was obtained 0.55 gm. of salt, m. 262°%a. on the micro
hot~stage.

It was found that alanine formed a salt with the sul-
fonic acid dyé in a wide range of acidity, from a pH of
about 0.1 to 6.5, On a qualitative basis the amount of
precipitate appeared greater for the same amount of alanine
at a pH of 3.0 to 3.5. The precipitation seemed to be un-
affected by small amounts of tyrosins added to the mixtures.
Thus, 1 mg. of alanine and 0.5 mg. of tyrosine in 2 ml. of
0.1 N HCl and 75 mg. of dye added gave about the same amount
of precipitate as the same mixture without the tyrosine,
Farther; investigation of the precipitate showed that very
little of the tyrosine precipitated with the alanine. The
precipitate was dissolved in about 5 ml, of hot water and
the dye removed as the barium salt by adding 1l ml. of barium
acetate solution containing 50 mg. of barium acetate, The
filtrate was treated with sulfuric acid until no more barium

sulfate precipitated. The filtrete from this precipitate
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was analyzed colorimetrically for tyrosine by the Foline
Ciocalteu method, Therefore 1t was concluded that the
original amino scid-sulfonate salt hed contained 0,086 ng.
of tyrosine.

All attempts to form a tyrosine-azobenzene-p-sulfon-
ate salt by the same procedure as that used in the case of
alanine were unsuccessful; the preciplitate from such & pro=
cedure melted at 120~122%d., and proved to be the free azo=-
- benzene~p-sulfonic acld. Also, Bergmann (128) reported no
salt of tyrosine wlth this precipitant. Therefore it ap-
peared likely that any tyrosine which appeared with the ala-
nine precipitate would be mdsorbed to the precipitate and
not present as an independent salt. Careful washing and re-
crystellization of the alasnine precipitate should free it en-
tirely of any adsorbed tyrosine.

althaugﬁ{tha aléniaewﬁye salt requires refrigeration for
precipitation, it was fournd that a §$Pgiyitat& invariebly
formed at room temperature on standing. Thus, a solution of
5 mg. of alanine, 2 mg. of tyrosine, and 5 ml. of 0.2 ¥ phos~-
phate buffer (pH 7.4) was adjusted to a pH of 3.5, and 375 ng.
of azobenzene-p-sulfonic acid added. It was found that from
5 %0 10 ml. of methyl cellosolve or dloxane were needed to
‘effect & complete solution of the dye. Upon standing 24 hours
at room temperature, about 90-100 mg. of precipltate had
formed., Investigation of this praeipitate; after removing
the dye, showed the presence of 0.31 mg. of ﬁyrasina; golori-
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nmetrically.

Refrigeration of the filtrate from this precipitate re-
sulted in 153 mg. of solid, This solid was centrifuged,
washed four times with 2 ml. of ice-cold water; and recrystal-
lized four times from 6-10 ml. of watar; leaving a final
amount of 4.5 m&»; . 235u238°&, in a capillary tube.

We then set up a fractionation procedure for the com~
bined incubations deseribed on pages 95 and 96 of the pre-
ceding sub-gection., Combined filtrates ngw (eontrels; 178
mi.) and combined filtrates "m" (176 ml,) were adjusted to
a pH of 3;5; and to both were added 1.0 gm. of azobenzene-
p-sulfonic acid dissolved in 12 ml. of water. Ten ml. of
dioxane were added to each to effect complete solution of
the aye; and the mixtures were allowed to stand at room
temperature for 36 hours. At the end of this time the pre-
eipitates~~E~l and C-l--which had formed were collected by
centrifugation and dried. The filtrates were refrigerated
at Ga for 36 hours. '

Precipitate C-1 amounted to 200 mg., and preeipitate
E-1 weighed 253 mg. The dye was removed from these two
golids in the manner previaasly desoribed, These final
solutions were made to 10 mlg; and analyzed for nitrogen
by the Kjeldahl method. It was found that the solution
from precipitate E~1 contained 0.12 mg. of nitrogen, and
the solution from precipitate C-l contained 0.17 mg. of
nitrogen after removal of the dye. If all of the nitrogen



in B-1 were due to tyrosine, there would be 0.12 X 181 = 1.55
mg. of tyrosine. However, a colorimetric determination of ty-
rosine on these same soclutions showed 0.027 mg. of tyrosine
in the E-1l solution and 0.0l4 mg. of tyrosine in the ¢~1 so~
luﬁian; indicating an ingignificent loss of tyrosine, The
solutions were then avaﬁarateﬁ o dryness by aeratian; leay-
ing residues of 51 mg. in the case of E~1 and 28 mg. in the
case of C-1, These residues were dissolved in 1 ml. of water
an 4 4 ml., a; absolute ethanol added, A white precipitate
flocked down, and after refrigeration was centrifuged and
dried. From E~l was obtained 13.6 mg.§ from cwl; 6u4 ng.
Solution of these in 1 ml. of water gave negative Millon's
and biuret tests. Attempts to make a p-toluene sulfonyl
derivative {assuming an amino acld present) were unsuc-
cessful in the case of (~1; with E-l, shaking it with an
ether solution of 15 mg. of p-toluene sulfonyl chloride for
famr'heﬁra; separating the sther and scidifying the water
layer gave 6.1 mg. of a white solid. 1In a capillary tube
this solid softened at 117° and melted gradually from 180-
200%, It was then recrystallized from 3 ml. of 60% ethanol;
1.9 mg. of solid were recovered. This solid softened at 1159;
part of it melted at 139°, the rest charred and sublimed at
200°, It was concluded that no identifiable amino acid was
present in the original room-temperature precipitates -1 and
C-l.

The original filtrates which had been refrigerated were



-1 2.

centrifuged after thirty-six hours at OQ, giving yreaipit&teﬁ
E-2, 288 mg., and C~2, 430 mg. These precipitates obviously
hed a large emount of free dye in them. They were washed four
times with ice~s0ld water and recrystallized four times from
hot water, leaving 25 mg. of E~-2 and 56 mg. of C~-2. These were
dissolved in the minimum amount of hot water and the dye re-
moved as previously &assribaé\with bariun acetate., The fil-
trates from the removal of the excess barium were evaporated
to dryness by aeration, leaving 10 mg. of residue from E-2

and 16 mg. of residue from C~2. Attempts to meke a p-toluene-
sulfonyl derivative from (-2 were unsuccessful; with E-2, 20
mge 0f a white solid were obtained as a first crop which
proved to be inorganic material. From the mother liguor was
obtained about 2 mg. of a solid which melted at 1373, whiech

is close to the recorded melting point for the p-toluenesul-
fonyl derivative of L~-alanine (139a! ghriner and Puson (129)).
Thus it was concluded bthat precipitate E~2 had been the ala-
nine salt of azobenzene-p-sulfonie acid.

From the foregolng preliminaries, the standardized con~
ditions for fractionation of the incubation mixtures derived
from the igotople experiment were set up as follows:

AdJjust the pH of the mixture to 3.5, and add the calcu-
lated amount of azobenzene-p-sulfonic acid to precipitate the
amount of alanine to be added plus the amount of alanine
whioh might be present from the incubation, 8Since the room~

temperature precipitate obtained after this treatment was
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found not to contain alanie, filter or centrifuge,; add nor-
mal I~alanine to the filtrate and rafrigerat& at 0° in order
to precipitate the alsnine-dye salts The room=~temperature
precipitate should of course be investigated for nitrogen
content and isotope acnten%; and identified 1f pogasible.
After 24~36 haars«at‘aa; eolleot the alaniﬂa»dyezgracigitate;
purify by washing and raﬁryat&llizatian; aaé aﬂa1yze for ni-
trogen and isotope content. Then lsolate any other nitrogen-
ous constituent from the solution left after removal of the
alanine salt., This w§a1ﬁ invelve removal of the dye as the
inéalaﬁl& barium salt, precipitation of the b&riam salts of
diearboxylic amino aecilds with the addition of aloohol, and
finally extraction of the agueous soclution with butyl alco=-
 hol.

3. Isotope analysis

Since the mass sgeatrﬁmgﬁer’analyzss gaseous samples,
the next step was to convert our nitrogen sam@lea‘ints pase-
ous elemental nitrogen. The simplest procedure for doing
this is thé method used by Rittenberg {131). This involves
axiéiziagvtha ammonium salts obtalned from a Kjaldahl éis%
tilléﬁian with alkalline hypobromite salaﬁian; aéaa:ﬁing to
the following reaction: ;

3 OBr™ + 2 NH, 4 2 O ——>N, + 5 H,0 + 3 Br”

Thus the samples used for determining the nitrogen
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content were also used as a source of the gasg for isotope
analysis. They were made just acld to Congo red, and
stored for later oxidatlion. Care must be taken not to
have too much acid in the KjJeldshl distillates, otherwise

a gide reaction ocours which produces bromine, thus:

Br + OBr~ + 2 H'—— 5 H0 + Br,

This of course would contaminate the sample and introduce
errors in the measurement.

The apgaratas,far oxidizing and colleoting the nitro-
gen is shown in Figure 5; page 105, ™A" is a 50-ml, Erlen-
meyer flask with a bent neck fused on and a ground-glass
Joint on the neex; "Br g round-bottom 50-ml. flask fused to
a trap, "C", other end of which has a ground-glass joint
for connection to the rest of the apparatus. "B is a
ground-glags stopeoeck and the lead-off to a mercury-dif-
fugion vacuum pump which, with a mechanical rcrewgump;
is used to evacuate the entire system. The right side of
the apparatus is a Toepler pump, consisting of a 250-ml.
bulb with 10-mm. glass tubing fused on opposite sides.

The bottom tubing extends down into “H“; a 500-ml, filter
flask containing about 350 ml. of redistilled mercury and

a three-way sﬁapeack; "n“; fused onto the gide-arm. The
upper half of the tubing from the bulb has a three-way
stopcock, "F", and a ground-glass joint into which the gas-

bulb, *g*, fits. The gas bulb is simply a 1l5-ml. round
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bulb fused to a stopcock which has a 7/25 standard teper
ground-glass Joilnt on the other end. TFrom the bottom of
the Toepler pump to the top of the ges bulb is a distance
of 70 em., 80 that when the system is fully evasuataé; the
- mercury will,xiaa to the top of gas bulb *G" when alr is ed~-
mitted into ﬁﬂ“. kA,anar flask containing alcohol and dry-
ice is placed arocund the trag‘”ﬁﬂ. | |

The following 1s the procedure used far operating the
apparstus. The gas bulb "G* was lubricated at the stapaéak
and the joint and put in place on top of the Toepler pu&pl-
The Kjeldahl distillate iz boiled é§ﬁ£ to a volume of about
3~4 ml. on a sand bath, and ﬁraasferraé to "B* by means af_’
a transfer pipette. This transfer need not be quantitative,
since it is the ratio of N29 to N28 whieh 1s being determined.
The ground glass jJoint at "C" 1s then greased and put in
place on the apparatus, The aleochol-dry ice bath is placed
around "C". | |

Five ml. of diluted sodium hypobromite solubion {stock
gsolution diluted l:1 with water) are placed in ”g”; and this
pilece 1s placed onto "B" in the downward position. Stop~
cock "E" is opened and the whole system evacuated by means
of & meroury-diffusion pump with a Cenco Hi~vac mechanical
pump as & fore-pump, The mercury in "H" is prevented from

La special lubricating grease, aspiezon N, was recom~
mended for use on the gas bulb by H. J. Svec of the
Institute for Atomie Research, Iowa State College. This

lubricant is obtained from James G. Biddle Co., 1316 Arch
Street, Philadelphia 7, Pennsylvania.
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rising in the Tosepler pump by means of a water pump con=
nected to "H" with the stopcock *D" closed., As the system
slowly evacuates, the solution in "B" first bolls and

then freezes. ’Immaaiately thereafter the hypobromite
solution in "A® de-gasaes., The vigor with whieh these

two changes ocour is controlled by closing and opening
stopeock "E",

After the solution in "A" has been de-gassed, the ex-
tent of evacuation of the system is determined. This is
done by turning the three-way stopoock "F* to position
"F," and admitting alr into ”Eﬁrbyapaning stopoock "pn,

If the system is fully evacuated, the mercury will rise

in the Toepler gﬂmy all the way to the top of the gas

bulb *G", In practice, the best vacuum attalnable by us
left a small disec of air about the size of the head of

a thumb~tack in the gas bulb upon such an operation. This
amount of air was found not to affect the acoursasecy of
isotope measurement.

When the system has been adequately evacuated as shown
by this taat; the mercury is drawn back down into "H® by
suitable m&niﬁﬂl&tiﬁﬁ of stopeock "D¥, atopeock wFY ig left
at position "Fop", stopcock "E" 1s closed, and the hypo-
bromite solution is poured into "B" by turning the flask
to poslition shown by the dotted lines.

The mixture in "B" is heated gently with a micro-burner

to melt the solidified gsample. As soon as the reaction has
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ceased, the gas is introduced into "J" by turning stopecock
"F* to position "Fy". The stopeock 1s then turned to po-
gition ”?2"; aﬁﬁ the gas is pumped into the gas buldb "G" by
introducing air into "H® (with stopeock "D") and allowing
the mercury to rise in the Toepler pump. One stroke of
the mercury is sufficient. The stopcoock on "G" is closed,
the mercury is drawn back down into "H", and the system
opened to the sir by opening "E® and *D" simultaneously.
The operator of the mass spectrometer customarily intro-
duced the sample into his epparstus at a pressure of 5 cm.
It was found that between 0,5-1.0 mg. of nitrogen was a
satisfaoctory sample for analysis under these conditions.

- The stock solution of hypobromite was made as follows:
200 gm. of sodium hydroxide pellets were dissolved in 300 ml.
of water. To one~half of this soclution, cooled in ice and
with vigorous stizring;‘war@ added 60 ml. of bromine over a
period of ten minutes. The other one~half of the solution
of alkali was sdded, and the whole solution refrigerated.
After 2-3 days a coplous amaunt'ﬂr godium bromide had pre-
cipitated and was filtered off through an asbestos mat (the
solution disintegrates filter paper). The filtrate served
as the stook solution and was stable for monthe when kept in
the refrigerator. The stock solution was diluted 1:1 with |
water just before use.

Care must be taken to admit air to all parts of the

apparatus between collection of samples, t0 prevent a carry~
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over of isotope from one samplke to the next. Bulb *o* was
remaveé; and then flasgk A" and piece "B-(%,  “£”, wpr. and
"g" were rinsed thoroughly with distilled water and allowed
to drain before re~use. It was not found necessary to dry
~ them thoroughly; allowing them to drain while the next sample
was being concentrated on the sand~-bath was sufficlent.

After considerable exporience with the apparatus, a rate

of one sample every twenby minutes could be attained.

Lo Qggsrimﬂatal'ébﬁexﬁatisgg

Three separate ineubations were performed by the method
given in Part 1 af}this Section. The uxidation of the tyro=-
sine was followed by averaging the uptake of the six control
flasks and the aptake of the six experimental flagks and
graphing the values as shown in Figure 4a, page 110. The
e&rvea\shawn~are typical of a normal oxidation of tyrogine
by guinea pig liver extract. In Figure 4b is shown the
average upteke of oxygen by the axpsrimsntal flasks in ex-
cess of that used by the control flasks., The lncubation in
the resplrometer was s?&ggad‘whﬁn the curve in Pigure Lb ap-
proached its asymptote, i.e., when the "excess oxygen uptake®
approached a maximum conshand vakae._ This point was usually
reached between three end four hours.

-The three incubatlions were performed with the same
liver extract. The experimental serles were all aambinea;

and the control series were all combined. Thoese btwo conwe
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bined soclutions were used in preliminary experiments for
developing fractlionating procedures, as desceribed in Part
2 of this Section.

A summery of the results of these three incubations
is given in Table 3. The column 0/T present represents
the ratie of the oxygen gangam%& to the smount of tyrosine
a&éa&, in atoms per mole. By meking use of the tyrosine
determinations at the end of the iﬁauhaticna; the ratio
0/T caloulated is obitained. Thus, 69.6 p atoms of oxy-
gen consumed divided by 23.19 p moles of tyrosine oxi-
dized gi?as & oaleculated retio of 3,00, This figure is
probably more useful in evaluating the extent of oxida-
tion, since it can be compared ito the theoretical oxygen
uptake of / atoms per mole of tyrosine nxidizeﬁ; the
figure obtained by Bernheim and Bernheim (57) and con-
firmed by subseguent investigastors. There are also two
ways of calculating thé per cent of tyrosine oxidatiocn.
The one, giving 60.33% oxidation, is calealateé from the
amount of tyrosine oxldized-~59.95 p moles--as shown colore ,
imetrically, and the amount of tyrosine added--99.36 u moles.
Since this method imcludes possible colorimetric errors
{phenolic §am@aunds other than tyrosin e may contribute to
the color), the method besed on the amount of oxygen con=

sumed represents more nearly the true state of oxidstion.
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Table 3., Tyrosine Oxidation by Guinea Pig ILiver

Rum  0p Consumed Tyrosine G/T';a o/T
5 = Excess 0, oxidized Pres “sale.
I &296p1Q 507&#1: 780pl. 23.19umoles 2.10 3.00
; , 69.6patoms :
II 5010 5802 792 19.32 2,13 3.66
70.8
I 5070 5700 630 1704k 171 3.25

LoRL 58’ I°

Lon vasis of oxygen consumed: 1%7.16 X 100 = 49.60% oxidation

20n basis of tyrosine axi&iz@ﬁ:‘59;9§ X 100 = 60.33% oxidstion

3average values

Using the same procedure, three incubations were performed

15~L*tyrasinﬁ in phosphate buffer--1 mg./

using a solution of N
ml.--ag substrate for the experimental series. Three different
gulnea pigs were used for the three runs, the amount of liver
from each animal being just slightly more than was needed for
one gomplete incubation.
The results of these three experiments are presented in

Table 4, pagg»llB, The combined incubation filtrates, "C" for
the controls, and "E" for the exyerimﬁnﬁalﬁ; were fractionated

as desoribed in the following pages.
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Table L. El5~L~Tyrasin@ Oxidation by Guinea Pig Liver

Rur O, Consumed Tyrosine O/T  0/T

63--»~§§ Excess Oy  gyidized pres. cale.
v 2238ul. 2598pl. 360ml. T 17.55m 0,97 L.83
' , 32.10patoms moles
Vi 2133 2490 357 9.37 0.96 3,40
31.86

10.68 0.89 276
?7:552 5T§E§ nggﬁ

VIII 2130 2460

1Gn besis of oxyzen consumed: g; 42 v 100 = 23.5@% oxidation

%0n basis of tyrosine oxidized: %%.6@ ¥ 100 = 37,39% oxidation

BAverage values

Since we were concerned with isotope racovariea; it was de~
cided to investigate every fraction obtalned for nitrogen
content and lsotope contenbe ,

The volumes of both "C" and "E" from ﬁhaée incubations
were 143 ml., the pH 3.16. The followlng reasoning vas used
in determining the amount of precipltant to add, Taking the
value of 37.89% nxidation obtained in the three incubations,
and assum lng alenine was prﬁducad mole per mole of tyrosine
oxldized: 18 mg. of tyrosine would produce 9 mg. of alanine
if there had been 100% oxidation; 37.80% oxidation would then
produce 3.4 mg. of alanine. Since the ﬁ;5~L~tyragiaa used had

an isotopie enrichment of 5.635 atoms per cent excess ﬁlg, a
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dilution of 1:100 would still be well within the accuracy
of determination of the mass specirometer, A 1:100 dilu-
tion of the 3.4 mz. of zlanine thesoretically produced would
mean additlon of 340 mg. of normsl l~alanine. To be on the
congervative gié@; it was decided to add 150 mg. of normal
I~alanine, The solubility product of alanine-azobenzene-p-
3a$f0nat@; ag determined by Bergmann {128); is L X lﬁ"&.
150 mg./143 ml. = 1.06 gu./liter = 0.012 moles/l.
{dye) = Q%%g%é ~ 0,033 moles/liter

The molecular W@igﬁt’er’tha dye is 262; therefore 0.033
moles of precipitant, 8.65 gm. per liter, or l.24, gm. per
143 ml.; should be added to obtaln precipitation of the
added alanine.

S0 1l.24 gm. of azobenzene~p-sulfonic acid dissolved in
5 ml. of water was added to both C and B, plus 15 ml. of
dioxane to each to retain complete solution. The mixtures
were then allowa& to stand for 24 hours at room temperature.

At the end of this time the mixtures were centrifuged
in 15 ml. weighed tubes, giving precipitates E-1 and C-1,
and filtrates E-~1lf and C-1f. The precipitates were dried
in vacuo over phosphorus pentoxide; 150 mg. of L~alanine
were added to both E~1f and cel£; after which they were re-
frigerated at GQ for 75 hours. ; |

The weight of E~l was 575 mg., that of C-1 259 mg.;
when dry. The faet that twice aszs mueh precipitate was ob~
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tained fronm the experimental mixture led us to suspect a
combination of the dye with some unknown intermediate com-
pound in the tyrosine oxidetion scheme, Accordingly thess
two room temperature precipltates were investigated. They
were both dissolved in 30 nl. of water with werning, To

E~l was added 561 mg. of bariom acetate in 1l ml. of water
{assuming the precipiitate to be mostly free dye, this 18 a
mole of barium acelate per mole of precipitate); after coole
ing well in ilce the preclipitated barium salt of the sulfonie
acid was filtered off, The calculated smount of 6 N sulfuric
acld was added bHo precipitete the exoess barium in the fil-
trat@; Horite was added, and the mixture rilterad. The fil-
trate was diluted to 50 ml. volume. The same procedure was
performed with C~1l, using R53 mg. of barium scetate in 5 ml.
of wat@j. The first point of interest to invegtigate was the
ultra-violet absorption éf the filtrate; accordingly 2 nl. of
the 50 ml. filtrates were diluted to 25 ml,, and the absorp-
tion determined with the Reckman specirophotometer. As can
be seen from Table 5, the absorption was essentlally negative
from a wave length of 350 mu to 220 mu. Thus 1t was apparent
that no arometic compound was present in the salatien nade

with the room-tempersture precipitates E~1 and C~l.
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Table 5. vltrawwiclet«ﬁbserption of Room Temperature

Precipitates
c_ E
Wave Length slit Perr p  Pfp
350 mp 0.52 99.0 0.005  99.8 0,001
325 " 99.0 +005 99.7 002
310 " 98.8 006 99.7 002
300 " 99.0 «005 99.8 001
280 " 98.2 .008 99.5 = .003
260 " 97.3 012 98.7 006
24,0 " 94e8 4024  97.0  .013
230 1.575 92.3 -035 93.9 .028
225 " 89.0 050 89.0 «050
220 n 84.1 075 82.6 +084
215 " 775 «110 Thel +130

A Polin-Ciocalteu colorimetric determination for tyro-
sine on these solutions was negative for ¢-l, and gave a
value of 0.88 mg. of tyrosine in B~l. Both the biuret and
Ninhydrin tests were negative on both solutions (the nin-
hydrin used was quite old and impure, and the results of
this test are not entirely dependable). Results of Kjeldahl
nitrogen determinations showed 0.51 mg. of nitrogen in fil-
trate C-1 and 0.82 mg. of nitrogen in riltrate E~1l. Accord-

ingly the entire filtrates were concentrated to about 3 ml.,
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digegted and distilled by the Kjeldahl procedure, and the
distillates saved for isotope determinations.

The refrigerated filtrates E~1f and (~1f were centri-
fuged in 15 ml., weighed tubes and the solid dried, glving
precipltates E~2 and C=-2 and fliltrates E~2f and ¢~2f., The
weights of the impure alanine-dye fractions were: E-2, 805
mg,; aﬁﬁ 042; 928 mg. These precipltates were washed four
times with 5 ml. of ice~-cold water, and recrystallized from
hot water three timﬁa; leaving a final yield of 326 mg. of
C-2 and 372 mg. of BE~2. Both of these solids melted at
26&9&. on the micro hot-stage, leaving one or two crystals
of unmelted residue. HMixed melting paint‘éaterminatiens
with equal amounts of pure L-alanine-azobenzene-p-sulfonate
gave sharp melting at 261-2629a.’

Gy cHynD N.S*3H,0 N, cale. 10.37%
L0532 pound 91758

The §1ltratss from the removal of the alanine-dye pre-~
eipitates, C-2f and E-2f, were fraetieaateﬁ further for
possible nitrogen-containing substances. It was decided
that the next step should be investigation for the presence
of gldtamie or agpartic acids, which might concelivably be
present if the metabolism of tyrosine involved transamina-
tion reactions., These two dibasic acids may be removed
from solution by precipitating their barium salts from
aqueous solution with the addition of aleohol. Therefore

the sulfonie acid left in C-2f and E-2f was precipitated
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by addition of barium acetate solution until no more preci-
pitate formed, followed by neutralization of the solution
with 3% barium hydroxide, This gave about 3 gm. of a cream-
colored precipitete which was obviously not the barium salt
of the azobenzene sulfonate. Investigation of these precie
pitates proved them to be one of the barium phosphates.
Kjeldahl determinations on hot water extracts of these pre~
eipitates showed no nitrogen-containing substance had ad-
gorbed to the barium phosphate precipitates, so they were
digcarded. In order to precipitate all of the dye from
C-2f and E-2f, it was necessary to add more barium acetate
and Horite the mixture., The filtrates from these were con-
centrated to about 40 ml., and 5 volumes of 95% ethanol
added. Coplous white, feathery precipitates were formed
inmediately. After allowing these mixtures to stand at
room temperature for a few hours, they were filﬁered; give-
ing precipitates C-3 and E~3, and filtrates C-3f and E-3f.
The precipitates were dried, and the filtrates were refrig-
erated,

The precipitates amounted to 8.8 gm. of (-3 and 8.9 gnm.
of -3, These proved to be mostly barium acetate; on dis-
solving each in hot water and adding sulfuric acid to pre-
cipltate the barium, the filtrate smelled strongdy of acetic
aeld, Each filtrate was concentrated in vacuo to &ryness;
water added and agaln concentrated to drynmess to get rid of

nost of the ascetic acid. The residues were then diszsolved



in 3 ml. of water and Kjeldahl determinations mede to see if
any nitrogen-containing substance had co-precipitated with the
barium acetate. If any had, it would be quite likely that it
was glutemie or aspartic acid. The residue from C-3 contained
1.25 mg. of nitrcgen;jthat from E-3 contained 1,66 mg. of ni-
trogen. The Kjeldahl distillation samples were therefore
saved for isotope determinatian;‘

The filtrates C~3f and E-3f &id not afford any precipi-
tate upon refrigeration. Therefore sulfuriec acid was added
to both to precipitate the barium remaining in the solutions,
The barium sulfate precipitates were filtered off; extraction
of these precipitates with hot water and Kjeldahl determina-
tions on the extracts showed an appreciable amount of nitro-
gen~containing substance had adsorbed to the barium sulfate
precipitates, Thus, adsorbed to C~4 was 1l.13 mg. of nitrogen,
and adsorbed to E~4 was 0,752 mg. of nitrogen. Accordingly
these samples were saved for isotope determination. It is
likely that this fraction and the fraction adsorbed to the
barium acetate, E~3 and C-~3, are the same or very similar sub~
stances,

The filtrates from the barium sulfate filtration, C-4f
and E~4f; were concentrated to about 15 ml.'gg‘ggggg; and
neutralized with alkali., They were then extracted 10 times
with 10 ml. of water-saturated n-butanol, giving fractions
C-5 and E-f, and fractions C-6 and E~6. 'These are, of

course, the butanol-soluble and the butancl-insoluble sub-
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stances left in the incubation mixture. The butanol may be
sxpected to contain any simple monoamino-monocarboxylic acids
present; the butanol~ingoluble fraction probably containa;
among other things, most of the tyrosine unoxidized in the in-
cubations. Although tyrosine is s monoamino-monocarboxylic |
acid, it was found on preliminary extraction procedures that
very little tyrosine dlssolved in the butanol upon such an ex~-
traction.

The two final fractions listed sbove were then concentra-
ted to dryness in vacuo, each residue dissolved in 5 ml. of
water; and Kjeldahl digestions and distillations performed on
each. Of the butanol-soluble fraetions; C~5 contained 3,01 mg.
of nitrogen, E~5 contained 2.03 mg. of nitrogen. The buténol—
insoluble fraections contained 18.6 mg. of nitrogen in C~6, and
25.75 mg. of nitrogen in E~6., These samples were then all
saved for is&;ape determinations.

Pigure 6, page 121, summarizes tha fractionation procedure
performed on the isotope incubation mixtare; glving the various
fractions isolated and analyzed for isotope content. The num-
bers in parentheses refer to the isotope sample number as given

in the list of isotope determinations, page 123,



C,143 ml.

B,143 ml.
1.24 g, dya
Room temperature
4+ 150 mg. I~alanine + Ba{OAc)p 2«0 (a)
, , : ' a
V- - 0° ) | 2-me
C~1,259 mg. C~2,928 mg. BaHPO, Ba-dye
E‘*l,575 b2 E~2,8Q5 BE e Bﬁ(ﬁz?@lv)z
[+ Ba(oac), washed and
recrystd.,
\%a dye {2) ¢ 0.5 | N
onf 3 - . mg' »
' (3) E-1,0.82 mg.N. «
B i
2-Cf 4+ 95% BHOH  + HpS0, Coned. and
(e S— (1)
2-Ef ) d  neutral,
Ba(OAc), Baso,
E~3, 8.9 gm. extr. with
H0
+ 32304’
“Baso Resid, (17) C-4
30, Residues /) C~
c-3 {6)
E=3 (12)
(b) extract with n~BulE
o T ,
ﬁ Buoy ilg) C"S insalubla( 25)1&‘_6
26) E-5 » (20}E-6

Pigure 6. Chart of Fractionation of Isotope Incubation Mixture
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The gas samples collected in marked gas bulbs; by the
procedure already described, were turned over to H. J. Svec
of the Institute for Atomic Research, Iowa State cellege;
for analysis. Mr. Svec built the mass spectrometer on which
the determinations were ran; and we are greatly indebted to
him for his cooperation in this problem.

Table 6 gives a complete list of all the samples col-
lected for analysis. Column 3 gives the isotope determina-
tion number by which the results were reported.

Ten out of the ﬁhirtyntwa samples were found to have
varying amounts of air coptamination. 1In order to calcu~

late the ﬁzzg and szg

peaks due to the sample alone, both
with and without air contamination, the following values

were reported:

29

2 28 . 28 32 32
28 2 “motar ' 2 Background ’ [_2 % % éJ
N2  Total

An illustration of the form of report of analytical data is
given in Table 7, page 124. An illustration of the calcu~
lation involved will be given for sample {5}, which was the

only sample with an appreciable amount of air in it.

L 4
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Table 6, Isotope Determinations
Sample Fraction detgggigggian
number
{2) ?r@m;pgﬁ, -1 HS~5~11548
(3) From ppt. E~1 HS=5-114b
(4) Ppte C=2 HS=5-114a
{5) Ppt. E~2 H8~5-113Db
(6) Res. C~3 ‘ﬁ$~5~1133
(12) Res. -3 HS-5-121b
{15) KlgﬁLmtyrcsina, I HS~5-122b
(17) Ras; Ol HS=5~123Db
{18) Res. Ev& HS=~5=1248
(19) Res. C=5 HS=5~124b
{20) Res, E~6 HS=5-130a
(25) Res. C-6 HS~5-132b
(26) Res. E~5 HS=5-133a

The total Egggfﬁzzg ratio is a resultant of three

terms, thus:

(1)

where S stands for sample, B stands for background, and A

N2

No

29

28

-

-

T

g+ ()5 ¢ty

2?;3

1y 28 28 2
(3'2 )53 + (ﬁa )E + (}12

8

Ja
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Table 7. Analytlical Data Reported

1 2 3
Determination /M.%7\ (N.28) (m. 28) (0,32 = 0,32 icarr.
‘ Number 2 2 't 2 [ 2 T 2 Bl gtomd
{. 28 pesk e cess
N, T in volts volts §f5av$r
volts ‘ stand.
HS=5-115b 0.00873 2,10 0,050 0.0005 0.069
HS=5-115a  .05500 1.91 050 0030 2.413
HS=5-114b .02795  0.58 050 L0010 1.143
HS-5-114a .00820 2.00 .050 L0015 0.044
HS-5-113b  .00736 2,50 050 .1240 0.214
HS-5-113a .00820 2.00  .050 .0015 0.044
HS=5+109% 00728  —me- — —— ———
ITank Eé

stands for air (i.e., ﬁhe nitragén,aantainsd in the contamin~
ating air). Referring to Table 7, the peak value for {ﬁzzg)T
can be caleulated by multiplying column 2 and column 3. JIn
order to aa}cul&te (ﬁza?)g; we then need to evaluataf(ﬁzzg)g
and (ﬁzzg)ﬁ, and similarly for the ﬁzzg peaks., The normal
ratio of nitrogen 29 ta_nitrsgan 28 in air has been deter-

mined and reported by Rittenberg (131} to be 0.00378. Thus,

(2) N,*? N> |
5%l = 0.00378 = —E S0,
N2 /p N2 /A ’
(3) (§,%%), = 0.00378(N,28)
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29, | 28
Similarly, (Nz )A = 0.00378(N, }A
In order to evaluate (N,27),, the ratio ﬁgzg has been de-
)
92 A

termined to be 10.73 for this particular mess spectrometer.
This ratioc differs from / because of the different rates of
ionization of nitrogen énﬁ axygaﬂ; and also because of in-
dividual variations in different mass spectrometers. The
term (6232)A'is equal to the term reported in column 5 of
Table 7. So, ’

, i R8, : , 2
{4) (Hz )ﬁ - 10.73 [(9232}?} - (023 )E]
Then
29 32 2

with the wvalues reported in Table 7, we then can calculate

the qorreat concentrations of §229 and sz& in the sample.

Thus,

(6) Mg = (02, - (w2, - )

(7 (4,%%) g = (1,2%) - 0.00378(N,28); - 0,00378 x
10.73 x [(0,7%) = (0,72)5) and

(8) 0,285 = (0,%8)g - (0,285 - 10.73 [ ‘(0232)53-(%3233]

The corrected atoms per aeﬂt,§15 is then calculated by a for-

mula developed by Rittenmberg {131):

Atom&%ﬁl5 = 100 where R u,iﬁgga

2R+1L 1]
Ny
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By calculating the term R and the atoms? ﬁls for the stendard,
we then can obtain the atomsd excess ﬁl5 over the standard for
pach sample,

To illustrate the procedure, sample (5) will be calculated.

u

(N*9) = 0.00736 X 2.5 = 0.0184
(M2%9) = 0.0184 - 0.000189 - 0.0406 X 0,124 z 0.0132
(N;28)g = 2.5 = 0.05 = 10.73 X 0,124 = 1.12

Then
Rz N8 = _1.12 = 8.8
Atoms N2 - 100 = 0.586

.5+
For the standard, the atoms% §l5 content is calculated
to be 0,372, ?hen; |
Atoms% akaesa N2
over shbandard = 0.586
T0.372
It m ay be seen by inspecting formulae (7) and (8) on
page 125, that when there is no air contamination in the
3ampla; the last term in each formula drops out. Then the
values for the sample are calculated simply by correcting
the observed reading for the small amount of "background"®
nitrogen left in the aspectrometer. This background value
wag constant for all the determinations.
By the above method all ghirty-two samples were calcu~

15

lated in terms of atoms®% excess N avér standard. The re~
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sults are given in the following tables. Table 8, page 128,
lists the results of the tissue incubation experiment, in
which each experimental sample ig paralleled by a control
sample. The control samples should have no excess E15, of
course; within the accuracy of the instrument this was true
@xeegt for samples {2) and (1l7). We are at a loss to ex~
plain the high enrichment of Kiﬁ found in samgla {2}, since
no isctepa was ugaﬂ in the control series.

Prom a qualitative st&a&goint, it would appeay that the
room temperature precipitate had the most excess N15 in i%.
It dnes have the highest eﬁrieﬂm&nt, but the small smount of
nitrogen contained in it means it has a small amount of the
total isotope used. A more accurate diagnosis of the fate
of the isotope may be made by caleulating the ylelds of ex~
Gass‘mls obtained in the different fractions. The milli~
grams of nitrogen contained in the sesmple times the atoms?

excess Kl5

in that sample should give the milligrams of ex-
cess le in that fraction. This value can then be compared
to the total milligrams of excess Hls used in the incubations,
In this way we can see in what fraction most of the isotope
was found. Table 9, page 129, gives such & summary for the
experimental fractions of the tissue experiment.

Exemination of the Table shows thet almost 100 per cent
of the excess isotope greseﬂé in the originsl incubation mix-
tures was recovered in the alanine fraction. The only other

fractions with apprecisble amounts of isotope are the room
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Table &, Results of Tissue Incubation Experiment

Sample Fraction Atom% excess N+?
over standard
{2) From room temp. pphts C=1 2.413
{(3) From room temp. ppt. E-1 1.143
(4) Alanine-dys, ppt. ¢-2 0.044
{5) Alanine-dye, ppb. B-2 0.21%
{(6) Reg. C~3, from Ba{@&a}z 0.04L4
(12) Res. EwB; from Ba{OAe), 0.347
(17} ~ Res. C-4, from Ba30, 0.121
(18) Res. Ewé; from EaSG# 0.200
{19) Res. (-5, BuQH-soluble 0,061
(26) Res. Ewﬁ; BuOH~s0luble 0.250
{25) Res. ﬁwé; BuOH-insoluble 0.025
{20) Res. E-6, BuOH-insoluble 0.064

tem perature precipitate,

dus 3 E"’é#

E~l, and the butanol-insoluble resi-

The high amount of nitrogen in the bubanol-insgoluble

regidue, in conjunction with the quite low isotope enrich-

ment, undoubtedly means that the majority of the nltrogen

is contained in compounds which did not enter into the tyro-

gine oxidation scheme. Thus the isotope 1s probably present

in this fraction in a very small amount of a compound with

gquite high enrichment. It is likely that a small smount of
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Table 9, Recovery of Isotope Used in Ineubations

Used 18 mg. §15~Lwtyrisins containing 1.393 mg.,?f nitrogen.
5.635 atoms% excess N+3, or 0.0785 mg. excess w15,

Sample Total N A%éms% excess N12 Eg;efg@ss Per
~ in over standard hot Cent
Semple Yield
{3) | ‘
E~1l,from room 0.82 mo. 1143 0.00937 11.93
temps pphe '

(5)
E~2,alanine-dye 36.62 0.214 0.07837 99.84

(12) |
E~3,adsorbed %o 1.66 0.347 0.00576  7.34
Ba(@Ae}z :

(18) | |
E~4,adgorbed to 0.752 0.200 0.0015 l.91
BasQ

&

E-5,Bu0H~soluble 2.03 0.250 0.00507  6.46

(20) , ; ;
E~6,BuCH~insoluble 25,7 0.064 0.016,8 20,99

unoxidizged isotopic tyrosine is present in the butancl-insol-
uble regi&ae; since none of the fractiocnation steps preceding
the extraetion with butanol will preceipitate tyrosine. In
additiaa; it has salready been mentioned that in practice ex-
traction runa; the tyrosine was practically insocluble in bu-
tanol.

It is possible that fraction E~5, the butanol-solible
substance or substences, contains a small amount of alanine

formed by oxlidation of the isotopic tyrosine. The presence
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of other mono-amino mono-carboxylic acids containing isotope
is not absolutely execluded, although their formation under
the experimental conditlons used is not readlily explainable.

The further disposal of alanine by the liver tissue,
may involve the introduction of the amino group into the
"metabolie pool®" where it is avallable for amino aecid and
proteln synthesis. One would not expect such extensive syn-~
theses to be earried out in the relatively short incobation
time used, but they may have occurred to the small extent in-
dicated by the recovery of 6.46% of the isotope in this frac-
tion. |

Traction E~3, which was adsorbed to barium acatata; may
well %&% in pert, glutemic or aspartie acid, These acids
would probably be present if the Lyrosine nitrogen wag dis-
posed of by means of transamination reactions. 3Since we were
trying to precipitate the barlium salts of these acids in the
step which gave us the barium accbate, barium glutemate or
agpartate may have co~-precipiteted with the inorganlie salt.
‘The presence of 7.34% of the isotope in this fraction may
thus be indicative of transamination having occurred in the
course of tyrosine oxidation.

Fraction E=~4, adsorbed to the barium aalfate; obviously
indlcates incomplete washing of this precipitate. It is well
known that bariuam sulfate aéﬁerﬁs other lons and wolecules
which may be present in such & medium. This fraction belongs

with one of the following two, E-5 or I-6; which one it is
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We can speculate only on the meaning of the occurrence
of almost 12% of the isotope in the room temperature preci-
pitate, E~l. As mentioned earlier, we examined it for the
presence of a possible intermediaste of tyrosine oxldation
with no success. Since the spectrophotometric examination
showed the presence of no aromatlic nuelei, it is definite
that no unchanged lsotopic iLyrosine had preciplitated in this
fraction. It may be possible that a small smount of alanine
precipitated as the dye salt even at room temperature; and
thus acecounted for the isoctope content of thig fraction.

On the basls of tﬁe above results, we concluded that the
oxidation of tyrosine by guinea pig liver tissue results in
the formation of alanine mole for mole. This fact; plus the
results from the other fractions, in cenjunction with previous
work reported in the literature enables us to present a ten-
tative hypothesis as to the mechan ism of oxidation of tyro-

sine by liver tissue.
D. Feeding Txperiments with 335-L~Tyrosine

The influence of Vitamin ¢ on the metabolic disposal of
tyrosine hes been discussed in the Historical Section. Just
where in the tyrosine catabolic scheme this vitamin exerts
its influence, and just what_kinﬂ of influence it exerts are
still open questions. Having lsotopically-marked tyrosine at

our disposal, it oecurred to us that valuable information
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nicht be obtained from feeding experiments with tyrosine and
Vitamin C. When guines pigs are fed a scorbutigenic diet
supplemented with tyrasine; a large per centage of the fed
tyrosine 1s excreted as such (or at least ss a compound giving
a "tyrosyl" velue with the Tolin-Ciocalteu phenol reagent);
when Vitamin ¢ is then added to this same éiat; the tyrosyl ‘
valve, as well ag the tyrosine metabolites value (keto aclds),
drops sharply. Apparently the added Vitamin C enables the
animal to dispose of the added tyrosine in a more nearly
normal fashion. Questions which might be answered by using
isotopie tyrosine in such a feeding experiment sre: does
Vitamin © promote the catabolism of tyrosine in the liver
with the resultant formation of urea? or does the vitamin
produce deamination of the amino acid in the kidney with per-
haps an increase in urinary asmmonia? or does the vitamin act
ag part of a system whereby the amino group of the tyrosine
is transferred to some other compound in the metabolie pooly
It was felt that we would be better able to answer these
questions 1f we could ascertain the location of the amino
acid nitrbgen whan tyrosine is oxidized in vivo. Since we
were more interested in the catabolic phase than the ana-
bolle phase of tyrosine matabnliam; we decided to examine
the urine and feces for lisotope content and save the carcass
and blood for fubture investigation.

It was planned therefore to feed a guinea pig a scor-

butigenic diet, add isotopic tyrosine and Vitemin ¢, and ana=-



=133

lrze tﬁskarina and feces for isgtopa. A second animal would
be handled the same except for no added vitamin, thus serving
ag a control. Sinece pteroylglutamic aclid has also been found
to exert an influence on tyrosine axiﬁaﬁian; a third feeding
experiment was @lanneé‘wiﬁh,ﬁhis vitamin as a supplement ine

stead of agcorble acid.

L. %eﬁhe&al

The usual scorbutigenic diet used in this laboratory is
gﬁaaﬁd Purina rabbit chow which has been spread out in a ?hin
layer exposed to the air for about ten days. It was felt,
hﬁwaver; that a stricter aeﬁtral of the intake could be

achieved if a aynﬁnstialéietyﬁaalﬁ be used, Accordingly a

diet containing all of the sssential amino acids, salts,
and vitemins except Vitamin &; was prepered. It was found
that adding about 5% of the ground Purina chow to this‘gyn~
thetic mixture increased the palatability of the dlet and
promoted more complete ingestion of the food by the gulnea
pig. , |

A 300«gm. guinea gig was fed on this synthetic diet plus
added tyrosine--200 mg./100 gm. body weighte~until it was ex-
creting 35% of the added tyrosine in the urine as keto acids.
Then the animal was fed 500 mg.-=-200 mg./100 gm. body weight--

of j;5~£w%yrcsine over a twenty-four hour period. In experi-

1$h$$e‘faaéing axparimenis were performed in ocooperation ”
with R. 8. Schweet of thils laeboratory, who composed the diet
and performed the Kjeldahl nitrogen determinations.
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ment 1, the animel was given 25 mg. of ascorbic acld by
mouth, at the beginning of this twenty~four hour period,
another 25 mg. of ascorbic asid three hours later, and
another 25 mg. six hours after the start of the period,
making & total supplementation of 75 mg. of ascarﬁie acid.

In experiment 2, no supplementary vitamln was given.
This animal thus served as a control for the preceding and
following experiments.

In experiment 3, twe intraperitoneal injections of
pteroylglutamic acld were glven; 10 mg. were injected
twenty~four hours before isotopie tyrosine fee&ing; and
15 mg. at the beginning of the isotope feeding period.

The urine was collected over this twenty-four hour
period in about 10 ml, of dilute sulfuric acld, dlluted
to 100 ml., and analyzed for total tyrosine value, keto
acids, total nitrogen , ammonia nitrogen, urea nitragen;
and residual anitrogen.

Tyrosine was determined colorimetrically by the method
of ¥olin and Cioealteu (127); the keto acids were determined
ealariéetriaally by the method of Penrose andvQuastel (130).
Ammonia was tested for by making an aliquot of the urine alka-
line and conneeting to an assration train. Alr was bubbled
through the sample and then into a tube containing 4% borie
acid, 1In all cases there was not enough ammonia to turn the
methyl red-metihylene blue indicator. Urea was then determined

on the game sample by adding two urease taeblets orushed with



~135w

a little water, adjusting the pH to about 6.5, end incubating
at 38Q C. for 4 hours., The ammonia formed was then aerated
out of the sample by adding alkali and bubbling air through
and into 4% boric acid containing the above mixed indicator.
The amount was determined by titration with standard hydro-
ghloric acid, and the titration semples saved for isotope
determinetions. Residual nitrogen was then determined on
the same sample by digesting with concentrated sulfuric acid
and distilling in a micro-Kjeldehl apparatus, The total nitro-
gen of the urine, the food and feces nitrogen, and the integ-
iinal contents nitrogen were all determined by the Kjeldahl pro-
cedure. o

The animal was sacrificed at the end of the twenty-four
hour period by stunning and decapitation., The blood was col-
lected in a beaker containing oxalate. The volume of blood
collected was so small--gbout 10~-15 ml.~-that 10 ml. of 0.9%
sodium c¢hloride solution were used to help rinse the blood
into a centrifuge tube. The plasma was separated off after
centrifugation -and diluted to 50 ml. volume; the cells were
laked and also diluted to a volume of 50 ml, Two drops of
concentrated hydrochlorie acid were added to each fraetion;
and they were stored in the refrigerator for possible future
analysis.

The entire gastro-intestinel tract from the esophagus to
the anus was dissected out; slit open and the contents washed

into a beaker with distilled water. These intestinal contents
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were then digested with concentrated sulfurle acid and the
nitrogen content determined by the Kjeldahl procedure. The
distillates were saved for isotope determinations, The
washed gastre~intaatiﬁal tract was then put back into the
enimal and the carcass stored in the freezing compartment
of the refrigerator furfpassihlg future investigation,

The uneaten food at the end of the twenty-four hour
period, plus any scattered about the metabolism cage, plus
the feces of the twenty-four hour period were combined and
digested by the Kjeldahl procedure, and the distlllates
saved for isotope determination. Thia’fraatian; plus the
intestinal contents fractien; represents the part of the
tyrosine which was not absorbed into the metabolie system
of the animal.

There were thus six fradions of immediate interest
whisg were ae;leataﬁ and investigated for isotope content:
urea, ammonis, residual nitrogen; and total nitrogen of the
urine, intestinal contents, and food and feces. It was hoped
that at least a partial answer to the question of the fate of
the tyrosine in the presence of Vitamin ¢ could be obtained
by an analysis of the isotope distribution in the urinary

fractions listed above.

2, Results with excesgs ascorbic aecid

Experiment 1 of the feeding experiments consisted in
supplementetion with excess ascorble acld at the time of
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feeding the isotopic tyrosine., As was desceribved in the
Methods, 75 mg, of ascorbic aclid were fed to the animal,
The six fractions mentioned were then collected and anal-
yzed, Tables 10 and 11l summarize the results of these

analyses,

Table 10, Isotope Determination Samples, Run 1

Sample o Fraction Isotope

determination
number

{1) Intestinal @uma@wway HS=~5«115b
(7) Urea HS~5-119a
(8) Residual nitrogen HS=5~119b
{9) Food and feces HS=5-120a
{10) Intestinal contents HS~5=120b
{13) Total nitrogen ES~5=122a .

In caleulating the amount of isotopie tyrosine absorb-
ed an 4 the yields, the amount of excess mwm fed was calcu~
lated from the amount of ityrosine~-500 g&.p containing
38,7 mg. of nitrogen--and the enrichment of the tyrosine-~
5.635 atoma% excess %wm. This emoun ted to 2.181 mg. of
excess mpm fed in all three of the feeding experiments. To
obtain the amount of isotope mwmaﬁvsar the food and feces
and intestinal contents values were subtracted from the

2.181 mg. fed. This gave a value of 1.989 mg. of excess mwm
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Table 11, Results of Isotope Analyses on Feeding Experiment l

Yitamin
execess N

g + 500 mg. R15~L~tyrﬁsina gnpglemantatisn. 2.18) mg.
5 fed, 1,989 mg. excess N1 absorbed. Tyrosyl value,

22,20%; keto aocid value, 10.40%
Sample Total N Atoms% '5 Mg.eggess rPer cent
in excess N b e yvield
sample over
nge standard
Urea 185.50  0.320 0.5936 29.84
Residual N1 141.00  0.120 0.1692 8.50
Total N 219,90 0,322 0.7081 35,60
Food and feces 46.80  0.110  0.0515
; ‘ - =0.1917 mg.
Intestinal con~ 203,20 0,069 0.1402) not absorbed
tents

zltria obvious that the urea nitrogen plus the residual nitro-
gen should equal the total nitrogen., The large value of the
residual nitrogen is due to the nitrogen added in the urease
tablets for the urea determination, The value, when corrected
for this esddition, is 56.7 mg.

absorbed in the first experiment., The tyrosyl value and keto
acid value were calculated upon the basis of 500 mg. of Kl5~L~
tyrosine fed.

3. Results of control experiment

The seme procedure as in Part 2, above, but without
added Vitemin C, was followed to furnish a control to the
above and to the following experiment.

The animal weighed 300 gm. and was given 500 mg. of
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ﬁ15~L~tyraaina, but no Vitemin C. The urine was collected
over the twenty-four hour period, after which the animal
was sacrificed and hendled exactly as described previously.

An unexpected feature of both experiment 1 and this one
wag the absence of any detectable urinary ammonia. Since
guinea pigs are eatir&ly n$rb1?axaaa; a low urinary aemmonia
is to be expected. The lack of an y {(within the limits of
the analytical method used; aeration of an allguot made
alkaline) was attributed to the synthetic diet employed.
Evidently the mixture of amino acids does not have as pro-
nouned an effect on the aaiﬁméase balance as a dlet of
an atural proteln does. |

The results of the control experiment are summarized

in the following tables.

Table 12, Isotope Determination Samples, Run 2

Sample Fraction Isotope

determination
number
’{21) Total nitrogen HS~5-130b
{22) Urea HS»S*l?la
{23) Residual nitrogen Hﬁ*S»lBlb
{24) Intestinal contents HS=5~132a

(32) Food and feces HS=5=-135b




Table 13. Results of Isotope Analysis on Feeding Experiment 2

Control, gGO mg.;ﬁl5~L~tyrasina'gai'lam@ataﬁiann 2,181 mg. -
excess N+ fed, l.455 mg. excess N+’ absorbed. Tyrosyl value,
L5.70%; keto acid value, 33.40%

Sample Total N Atoms®h 15 ¥g. §§ea$s Per cent
in excess N N yield
sample over
mge standard
Urea 154.3 04239 0.3688 25,34
Residual N*  150.0 0,075 0.1125 7.73
Total N 195.0  0.239 0.4661 32,03
Food aend feces 267.2 0.226 0.6039 '
» o ' = 00,7262 nmg,
Intestinal con~ 163.0 - 0.075 0.1223 not absorbed

tents

Loorrected to 57 mg.4ﬁ, {see footnote i; Tabla;il).

In ?iew of the fact that not all of the tyrosine fed 1s
abgorbed, as shown by these isotope axparimsnts; the metabo-
lite exoretion values, tyrosyl and keto ascids, should probably
be quite a bit higher than the figures given.

4. Results with excess pteroyloslutamic acid

In the case of Vitamin ¢ supplamantatian to a diet con~
taining added tyraaiﬁa; the keto acid value (tyrosine meta-~
belitea; evidence of incomplete tyrosine oxidation) is im-
mediately lowered. However, when pteroylglutamiec acid is



added to such a diet instead of ascorble aclid, the lowering
of the keto acid value 1s delayed somewhat, and it usually
requires two supplements of this vitamin, twenty-four hours
apart, to produce a significant lowering of the tyrosine
metabolite excretion. This fact was taken into account in
thils feeding experiment. . |

A gulnea plg of about 300 gm., weight was fed on the syne
thetle diet plus added tyrosine until the keto acld value was
around 35% of the added amino acld. Pteroylglutamic acid was
then injected intxapgritane&ily. Twenty-four hours later a
second injéction of the vitamin was giv@n; 15 nEey and 500 mg,.
of ﬂ15~£~tyrasina added to the diet at that time, The urine
was then collected over the next twenty-four hour peria&; after
which the animal was sacrificed and handled exactly as in the
previous two experiments.

The results are summarized in the following two tables,
page 142,

Table 16; page 143, gives a comparison bf’tha isotope
content of the different urinary fractions for the three ex-
periments just described.

The slight increase in urlnary conten t of isotope after
feeding ascorbic acid is not significant enough to warrant
definite eénelu&i&na. These experiments have been preliminary
in nature, and must be followed by more extensive work. It
is extremely interesting to note that pteroylglutamic acid

supplementation 414 incerease the uree and total nitrogen iso=~
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Table 14. Isotope Determination Samples, Run 3

Sample ; Fraction '~ Isotope

determination
number
(Z7)  Total nitrogem  HS-5-133c
{28) Food and feces HS~5=-1348
{29) ;Intaatinal contents HB«5=134b
(30) Residual nitrogen HS-5-134C
(31) Urea | Hs-5-135a

Table 15. Results of Isotope Analysis on Peeding Experiment 3

Pteroylglutanic aai' + 500 mg. El5~Lwtyrasinalgu§§lemantatian.
2,181 mg. excess N fed, 1.58, mg. excess N*/ absorbed. Tyro-
syl value, 1l.4%; keto acld value, 3.47%

Sample Total B atoms®

. Ng. igaaaa Per cent
in excess N15 nt yield
sample over

nge standard
Ursa 325.0 f 0.164 G.5330 - 33;65
Residual N* 155.0 0.083 0.1287 8.12
Total N 390.0 0.181 0.7059 Llpe 56
Pood and feces ‘ ‘

t 275.6 0.136 0.3748 -

Intestinal  347.0 - 0.064 - 0.2221) not absorbed

gontents

iﬁarrﬁetea nitrogen value, 61.7 mg.
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Table 16. Isoctope Recoverles in Urine after Feeding N1o-

L-Tyrosine
Urinsry Per cent vield of lsotope
Constituent conbrol &ﬁcargia acid  pteroylelu=
added tamic acid

added

Total nitrogen 32,03 35.60 Lk e56

Urea 25434 29.84 33.65

Residual nitrogen 7.73 8.50 8.12

tope content appreclably. Also, as Tables 11, 13, and 135
show, the tyrosyl and keto acid values were lowered more by
this vitamin then by ascorbic acid, These resulis tend to
corroborate the bellef held by several workers that the two
vitamins do not sxertvthair influence on tyrosine oxidation
by the ssme mechanism.

It would seem from these results that Vitamin ¢ takes
part in tyrosine metasbolism eilther by influencing the dis-
posal of the carbon sgkeleton of the amino acid after the
nitrogen has been removed, or, if 1ts action is directed
toward the amino group, by aiding in the anabolic reactions
whereby the tyrosine nitrogen is lncorporated in tissue
proteins. The former alternative would seem more plausible.
At any rate, the question of the disposal of the nitrogen
when ascorbic acid is given to scorbutic animals requires

more experiments and a more complete investigation of tissue



constituents.

It may be tentatively concluded that pteroylglutamie
acid does affect the disposal of the amino nitrogen to some
extent. The fact thet the maau@mm@ in isotope content 1s
mostly in the mﬁwm‘wwmaaweﬁ would indicate m more .complete
uge of the tyrosine nitrogen in the Krebs-Henseleit urea
cycle. Thlis effect may be brought sbout either by a direct
action in the tyrosine oxidation system or by an indirect
action from the acceleration of the general metabolic
processes.

It may be of significance that ascorbic acld seemed to
promote more complete absorption of the amino acld than was
shown by the control animsl. In this connection, the varying
amounts of absorption shown in the three cases means that
experiments based on tyrosyl and keto acid values in urine
excretion wwaawm be re~examined, since such 4mww@m have bheen
based on the amount of tyrosine fed to the animal. waanwww%w
the values should probably be higher in some wﬂwﬁmﬂaam than
they appeared to be, since wawwa»mm them to the amount of
amino acld absorbed would represent the more accurate picture

of the metabolic processes taking place.



IV. DISCUSSICH

There sa@ms t0 be no doubt but that the normal oxidation
er»tyraaina by gu%nea pig liver tissue results in the fore
mation of alanine, either as an intermediate substance or a
finai product of the partiealar enzyme system concerned. If
this fact can be reconciled with other known facts concerning
tyrcsiﬁe oxidation, any mechanism proposed to account for
this finding will have added validity.

The confirmation of Felix and Zorn's finding of alanine
in a tyrosine oxldation mixzture necessitates a re-examination
of their proposed oxidation gehemg. A reference to page 39
shows that they postulated, fixét, the uptake of one atom of
oxygen to form a quinonoid intermediate, II. This then adds
water to produce a quinalg’whieh‘reuarrﬂnges to form 2;5~
&ihyﬁrﬂxy§hanyialanina;kI?. It is from this compound that
ﬁhay‘prgﬁaaﬁ that the alanine is split off by hyérelyais;
forming, in addition to al&niﬁa; 1;2;&»trihy&rexybanzena; Ve
The action of three more atoms of oxygen plus one mglaeale
of water then ruptures the benzene ring to produce aceto-
acetie acld, carbon dioxide, and formic acid.

There are two pﬁwerfﬁi arguments against this mﬂananiam;
however. Most of the evidence cited in the Historical Section
tends to prove that homogentisic acld 1s a normal intermedi-
ate in the catabolism of tyrosine, Felix and Zorn's mechanism

excludes the possibility of formation of homogentisic acid as
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a normal catsbolite. But even gstronger refutation is pro-
vided by Weiahangs-aﬁﬁ-@iilingtan's resulta»§112)~with~tyr0~
sine labeled in the A&y@@aitisn of the side chaln with c14
as well as Schepartz and Gurin's results (113) with phanyl-
alanine labeled in the same place with the same 1lsotope.
After incubation of either of these amino acide with rat
liver sliaes; almost all of the radioactivity was found in
the o ~position af‘acetaaeatia aaié;;praving that the side
chain of tyrosine is involved in the formation of this keto
acld, as pletured on pages 62 and 63,

There are two possible hypotheses by whioch the results
of Weinhouse and milliagtaa and of Schepartz and Gurin can
be reconciled to the findings of Felix and Zorn and those re-
ported here. It is'passibia that the first step in the oxi-
dation of tyrosine might be oxidative ésamiaatica; with the
production afjgyhyﬁraxyphenylpyruvie acid and ammonia. The
ammonia thus formed may then react with pyruvie acid to form
alanine. Wiss (132) has reported the isolation of alanine
{as thelgLfnaphthalana sal?anata derivative) from a gulnea
pig liver homogenate 1aaabateﬁ with §yravieVacid and ammnnium
chloride. The gfhyﬁrnxypkéﬁyipyrazie acld then could 5&
further oxidized to scetoacetic acid through the intermediate
formation of homogentisic acld. It is universally cangaded;
haweva?, that tyrosine is not oxidatively deaminated by liver
tissue, since no trace gf,ammﬂnia'proﬁuetian has ever been

found in liver incubations with tyrosine. ¥ven though the
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ammonia may be used to form alanine, there should be at least
detectable asmounts present, unless the formation of elanine
from ammonia snd pyruvic acld proceeds much more rapidly than
the deamination of tyrogine.

A second possibllity for explasining the observed facts
might be transamination according to the following scheme:

HOCGH, CH, CHCOOH COOHCHCHpCOCO0H CH,CHCOOH
N 1 5212 R‘l Sﬁg
HOC4H, CH,,COCOOH COCHCH,,CH, CHCOOH CH4C0C0CH
’ ﬁlsﬁz

Thus; the amino graup of tyrosine may be transferred to L~
ketoglutaric acid to form glutamic acid. This may then pass
the amino group on to pyruvie acid to form alanine. Under
such a scheme, only catalytic amounts of o(-ketoglutaric acid
{(and thus of glutemloc acid) need be present. This may explain
why incubation mixtures of tyrosine and X -ketoglutaric acid
with liver tissue yleld no deteetabla‘am@an@a of glutamio
acid, as Zorn reported (46). The p-hydroxyphenylpyruvic acid
could thea be further oxidized to acetoacetie acid through

the Intermediate formation of homogentisic aaiﬁ; according to

either one of two possible pathways:
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CH,GOOH
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CHCOCH, COOH

This would also explain Neubergerts results (48) in feeding
2, 5~&1hyﬂmxyphanylalmme to an alecapitonuric and obtalning
increased production of homogentisic acid in the urine. Oxi-
dative deamination ’ar transamination of the dilhydroxyphenyl-
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alanine followed by oxidative decarboxylation would produce
homogentisie scid.

Although the feeding experiments ceilted in this»paggr
were not designed to add to the problem dlscussed above, it '
is interesting to note that ln Feeding Ex@erimeﬁts I and III,
{Tabla*lé; page 1@3}; the recovery of isotope in the urea
frectionsg were hlgher than in the gsnﬁrel; Expesriment II.
Alanine, of course, is capable of undergoing oxidative de~
amination, and the ammonia formed ultimately produces urea ,
by means of the Krebs-Henselelt urea cycle. In other words,
in the experiments where the oxldation of tyrosine may be ex~
pected to proceed in a more nearly normal manner; more alanine
is prs&ueed; and tﬁﬂs‘altimaﬁaly more urea excreted.

The production of alanine from tyrosine oxidation might
well explain several facts discussed in the Historical
Section. Thus, Rapport ané'ﬁaarﬂ*s report {37) that tyrosine
exerts a specific dynamic action comparable to alanine becomes
understandable, The finding by Shembangh, Lewls and Tour-
tellotte (38) that feeding phenylalanine and tyrosine to
rabblits caused an Increased blood urea nitrogen may be ex-
plained as above, i¢e*; by oxidative deamination of the ala-
nine and the formetion of urea from the ammoniea thus Qra-.
duced, ;

The rather surprising evidence reported by Butts; B&nn;
and Hallman (42) that phenylalanine and tyrosine increased the

glycogen content of livers of animels fed these amino acids
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may be explained by the known fact that alanine is a "glyco-
genic amino acid", In other words, alanine is oxidatively
deaminated to yleld pyruvic acid, which then may enter the
carbohydrate metabolic cycle to form glucose or glyeogen.

The facts raéarte& in this paper do not warrant a‘éefiw
nite conclusion as to the complete mechanism of oxidatlon of
tyrosine. The yréﬁactiam of alanine in an incubation mixture
of tyrosine and liver hamégaaat@‘has been shown. In con=-
junetion with the prior experiments witk radioactive tyrosine;
the facts tend to indicate that tran&aminaﬁisa occurs. The
incubation of doubly-labeled tyraaina; that 1s, with ®i5 in
tﬁe amino group anﬂ Qlﬂ in the #&y@asitiﬁn of the side ﬁhaiﬁ.
in the same molecule, would be a very informative axperimsat,
and would help to substantiate one of the two possibilities
discussed here. | | | |

Another experiment wihich would help establish the oxi-
dation mechanism would be %o dlalygze the liver brei, and then
determine the tyrosine axiéaﬁian/manémetrieally upon addition
of the transaminase so»anzyma; pyridoxal phosphate. This
may not ylsld the whole pleture, however, since it is quite
pogssible thet the systam'whiah~éiayesaa of tke p-hydroxy-
phenylpyruvic acid with the uptake of oxygen is a different
gystem than the one which carries out the transamination.
Isclation of alanine from such an experiment, nawavar; would
confirm the occurrence of transamination as giazuréﬁ in this

Section,
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"8till another informative experiment would be to feed a
guinea pig glucose merked with radioactive carbon, sacrifice
the animal and use the liver tissue to oxidize tyrosine
marked with N15. gince carbohydrate is one of the main,
sources of pyruvic acid in the axganism; alanine isoclated
from such an sxperiment should have both heavy nitrogen and
radioactive carbon in its molecule if transamination had
ocourred.

The results of the feeding experiments, though prelimi-
nary in nature, may be used to draw some general coneclusions
worth noting. If the urinary content of 1&@%@@9 had been
appreciably higher for the ascorbic acid supplementation than
for the control, one could have concluded that the vitamin 1s
concerned in the step or steps which remove the nitrogen
from the tyrosine molecule. Since sueh was not the case; it
may be that the ascorbic acid operates upon the carbon regi-
due of the amino acid after the amino group is removed. This
is logical consldering thet a Vitamin ¢ deficlency in the
guinea plg leads to exeretion of p-hydroxyphenylpyruvic acid
and homogentisie acid. This supposition also agrees with
Fighbergts belief (86) that, on the basis of her finding benzo-
quinoneacetic acld in ﬁh@ blood and urine of scorbutic and
rheunatie fever patlients, ?it&min ¢ operates in the oxidation
mechanism after homogentisic acid formation.

A direct comparison of our feeding experiments with

those of Schoenheimer, Rabtner and Rittenberg {(103) cannot be
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made, since they used a normal rat to which isotople tyro-
sine was fed for 10 days, snd in addition they used N15-pL-
tyrosine. However, it is'intar@sﬁing to note that, aside
from tyrosine itself which was deposited in the tissues, one
of the four maln fractions isolated from tissuss whieh con-
teined N5 was the dicarboxylic amino acid frection, that is,
glutamic and agpartic acids. | o 1
Under the conditlons of thelr experiment they recovered
50«60% of the sdministered isotope in the urine. Only in
the case of pteroylglutamic acld supplementation 4id our re~
covery of isotope in the urine approach 504. Since our
supplementation was over a Z24i-hour period, after which the
enimal was immediately sacrificed, it would appear that the
vitamin has a positive effect on the urinary excretion of
nitrogen, mostly as urea. The question still remains és to
the fate of the amino ﬁinragaa when ascorbic acid is added to
enable a more complete oxidation of tyrosine by a scorbutic
animal, if; as has been wﬁﬁtiaﬁaﬁ abave; ascorbie acid
affects the carbon skeleton only, then the transamination
reaction would probably oceur in the scorbutic animal as
well as the normel animal, although probably at a somewhati
lesser rate. In this case , the recovery of similsr amounts
of nitrogen in the urine of the eontra; and ascorbic acid-
supplemented animals is to be expected., Such was the case

in our experiments.



V. SUMARY

1. The syntﬁ&ais‘af DlL-tyrosine econtaining isotople
nitrogen has been effaate& in gée& yields by a four-step
process: +the Erlenmeyer azlactone synthesisg as modified
by Herbst and shemin, in 52-66% yield; breaking the ring
by mild hydrolysis with acetone and water, in 71-94%
yield; amoid hydrolysis to obtain the hydroxyphenylpyruvie
acid, in 48-53% yleld; and catalytic hydrogenatlon of the
substituted @yrufie:aeiﬁ in the presence of iasotople
ammonie, in 73-904 yield,

2. El5vac$tyi»ﬁzwﬂyraa;ne has been resolved by the
use of éyggrphanylathyiamine, to give yields of 35~60%
of the salt of the lL-isomer, from which ﬁ15~L~zyrnsine
was isolated in 77% yleld. This new method of resalatiQn'
involves less manipalatian; thus is less time-consuming,
and gives slightly better yields than the methods reported
heretofore. |

3. The isotopic tyrosine was oxidized in vitro by
guinea plg liver homogenate, and alanine subsequently 1so-
lated from the reactlon mixture as the azobenzene~-p-sul-
fonate salt. |

4e Isotopic analysis of the isolated compound showed
almost all of the ﬁlg from t#raaine to be contalned in the
alanine derivative. | _

5. Isotopie tyrosine was fed to guinea pigs on scor-

butigenic diets with and without supplements of aasgorbic
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acid and pteroylglutamio asiﬁ; and the urine and feces .
examined for Aisotope content. These experiments indi-
cated that the vitaming apparently have little effect »
on the dlsposal or fate of the anino-nitrogen of tyrosine.
6+ A simple but satisfectory method has been de~
seribed for collecting isotople nitrogen gas for analysis

on the mass spectrometer.
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. VII. . APPFENDIX

The nermﬁi aﬁanﬂﬁaaa of N*° in nitrogen is 0.378%.

Thas; one moleculs of nitrogen #aatainaﬂﬂ.sez?a atoms
of ﬁls and @‘93622 atoms of ﬁlg,' This gives en Nlﬁ/ﬁlé
ratio of 0,00379. The mass spectrometer ocan deteoct a
l% difference in this ratio, or.a difference of Q‘Qaﬂﬂéa

. Assuming we have a compound with 7.5 atamg% w5, 1
can be shown that a 1:29Q dilution of this isotople cone
tent with normal nitrogzen does not decrease the W:5/wié
ratio below this limit of accuracy, thus:

| ey
| ‘El&“ El * Ratio Nik
1 mole enriched nitrogen 0.925 0.075 0.0810

200 moles normal nitrogen 199.244  0.756
" 200,169 0.831 0.0041
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