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I. INTRODUCTION

Studles of the intermediary metabolism of amino acids
have assumed Increasing importance Iin recent years. These
studies have been stimulated not only by the importance of
amine acids in nutrition but a2lso by recent findings impli-~
cating various vitamins és components of enzyme systems
involved in the metabolism of amino seilds. Besldes providing
new concepts of the functioning of vitaming in the body, our
understanding of nutritionel deficlency diseases has been
clarified by the investigatlons of vitamin-amino acid
interrelationships. |

The metabolism of the aromatic amino scids, phenyl-
alanine and tyrosine, has been studied extensively. Some of
the findings which have been responsible for the widespread
interest in these two compounds are: phenylalanine is an
essential amino acid and is readily converted to tyrosine in
the body, thyroxine and adrenaline may be derived from
tyrosine, melanin pigmerits are formed from tyrosine, and
finally, certain diseases are characterized or accompenied
by an abnormal utilization of the aromatic amino acids so
that partial breakdown products appear in the urine. These
disorders include some of the "inborn srrors" of metabolism,

hydroxyphenyluria in premature Infants, pernicious anemia
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in ralapse; certain cyanotic conditions, and rheumstic fever.

Many of the Investigstions, however, have been of =a
clinical nature or have been concerned wlth the intermediates
produced in tyrosine catabolism., With the finding that the
vitamin C-deficient guinea plg fails to metabolize tyrosine
completely, & new approach to the problem under controlled
experimental conditlions was made possible. This approaéh has
now shown that pteroylglutamic scid and a factor found in
purified liver extracts, in addition to vitamin C, are
components concerned in tyrosine metabolism.

The present Investigation is an attempt to investigate
further the maahaﬁiam by whiech these factors act on tyrosine
metabolism in the vitamin C-deficient guines pig. Liver
extracts used for the treatment of pernicious anemis were
studied extensively in order to analyze the testing procedure,
study the relstionship between their antiperniclious snemia
unitaege and thelr actlivity in the tyrosine metabollc system,
investigate the nature of the substance in the extracts
responsible for their action and finally, exemine their
action on blood constituents nndér varled experimental
conditions.

The advent of isotopes as tracers provided & new,
powerful tool for metabolic resesrch. With the tyrosine
molecule marked in various positions, the utilization of the

amino acld undgr the influence of the three factors under



-3 -

investigation could be followed. Initlial studies of the
first step, with N'® in the amino group of the molecule, are
reported here. Purther work along these lines may eventually
result in the assignment of specifiec chemical functions in

the tyrosine metabolic scheme to these factors.



II. HISTORICAL

A. Tyrosine Netsbollsm in General

The initial impstus to the study of tyrosine metabolism
came from the work of Bbdeker (1). In 1859, this author
isolated a reducing compound from the urine of diabetic
‘patients. He was unable to identify the substance, but called
1t "elkapton." Later, Wolkow and Paumann (2) established the
structure of the compound 88 hydroqulnone acetic acid on the
basis of its empirical formule and functional groups. They
called the compound homogentilsic acld, the next higher
homologue of gentisle acid.

They further discovered that tyrosine was the precursor
of the homogentisic acid excreted by feeding extra amounts
of the amino acid to persons with slcaptonuriaea. Falta and
Lengsteln (3) later showed that phenylalsnine also was con-
verted to homogentisic acld by the alcaptonuric.

In 1904, Neubauer and Falta (4) investigated the metabo-
lism of a number of aromestic compounds by the alcaptonuric.
The only compounds, in addition to the two amino aclds, which
yielded homogentisic acid were phenylpyruvie and phenyllactic
acids. Later, p-~hydroxyphenylpyruvic, but not gfhydroxy-
phenyllactic acid, wéa also found to yleld homogentisic acid
in the alcaptonurie (5).
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In 1906, Embden, Salomon and Schmidt (6) applied per-
fusion techniques to the study of alcaptonuria. They found
that when tyréaine, phenylalanine and homogentisic acid were
perfused through surviving liver, acetone bodles appeared
in the effluent. The ketogeniec nature of the aromatic amino
acids was confirmed by Blum (7) when he showed that feeding
these compounds to diabetics produced an increased excretion
of ketone bodies. Edson (8) has demonstrated the ketogenic
nature of tyrosine and phenylalanine using the Warburg
technique and rat liver slices.

The mechanisms involved in the conversion of tyrosine
to ketone bodies were also discussed by Blum (7). Since
£~hydroxyphenylaestie acld did not give homogentisiec acid
in the élcaptonnric patient, he felt that oxidation of the
tyrosine arcomatic nucleus ococurred prior to sidechain
degradation. 1In addition, Blum thought that homogentisic
ecid was a normal intermediate in tyrosine oxidation although
he was unable to isolate the compound from normal individuals.

Neubsuer (5) combined all of these results into & scheme
for the normal oxidatlon of tyrosine and phenylalanine. This
scheme postulated a "quinol-type" intermediate, Quinols had
previously been prepared by several authors, particulerly
Bamberger (9). Neubauer believed that the first step in
amino acld catabolism was oxidative de-amination ylelding

‘the corresponding keto acid. For the aromatic amino acids,
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he propoged the following scheme:

—_—
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k1
“Alecaptonuric unable to proceed past this step.

Evidence for the conversion of phenylaslanine tc tyrosine
bhad previocusly been given by the perfusion experiments cof

Fmbden end Baldes (10). However, these suthors ncted that
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phenylpyruvic acid when perfused through surviving liver, in
contrast to the gghyﬂroxy compound, did not yleld acetone
bodies, They favored, therefore, Heactlion A over Heactlion B
as part of the normal pathway of metabolism. Moss &nd
Schoenheimer (11) have recently confirmed the conversion of
phenylalanine to tyrosine by the use of éaﬁtarium~1abellad
phenylalanine.

In 1910, Dakin (12) was able to point out some flaws in
Neubauer's hypotheses. He showed that compounds such as
2~metbaxyphany1a1anine and p-methylphenylalanine (13), which
supposedly could not yleld the quinol postulated by Neubauer,
were still metabolized by normal individuals. These com-
pounds yielded acetone bodies when perfused through llver and
were metabolized by salecaptonurics without production of
homogentisic scid. Dakin (14) concluded that homogentiaic
acid need not be a normal intermediate in tyrosine oxidation.
Since Jaffe (15) had shown benzene was oxidized to muconic
acid by dogs, Dakin (13) proposed a scheme which did not
“involve the introeduction of hydroxyl groups into the tyrosine

nucleus:
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Dakin's views have recelived support from the work of
Fromherz and Hermanns (16, 17). These suthors found that
gmmathyltyrasine and m-methyltyrosine were metabolized by
both normal and alcaptonuric individuals without the produc-
tion of homogentisic acid derivatives, thus confirming
Dakin's work.

The most recent Investigations of sleaptonuria have besen
made by Neuberger and colleagues. In 1947, Neuberger,
Rimington and Wilson (18) reported that 80-1007 of ingested
tyrosine or phenylalanine appeared In the urine as homo-
gentisic acld. The 1ew‘bload values of homogentisic acid led
them to suggest that this compound was either formed in the
kidney or exereted at an extremely rapid rate, ILater,
Neuberger (19, 20) fed L~2,5-dihydroxyphenylalanine and noted
its efficlient conversion to homogentisic sgid. He considered

this compound, therefore, & normal intermediste In the
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valdation of tyresine. The wechanlism lnvelved in the normel
metabolisn of tyrvosine as suggested by Weuberger (21)

utilizes some of the more wmodern concepts of orgsnic chemistry
to explain the postulasted sohewe. The phenoxide ion (1) ls
attecked by an slectrophilic respgent. Preferential sttack

in the pars position might be facilitated by the side chein
conastitubtlon or the enzywe. The resoval of two electrons
produces & carbonium ion {11). Atteck by hydroxyl ion and
rearréngement of the p-quinol {(lii) fellowa, ylelding
Z,b-g1hydroxyplionylalanine as & final product. Similer

£

resrrangenents have been shown by Arncld (2&).

< , {0 {op)
. + o
H-C =llkg
coon (1) (11)
u*

Gy =G limC 00K

CH BHp
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In the light of these recent studies, it would seem that
homogentisic aclid was an intermediate in the main pathway of
tyrosine catabolism, ss Neubsuer had postulated in 1909,
However, the evidence has been Iindirect and based to a large
- extent on the study of alcaptonurie. Alternate pathways of
oxidation certainly exist and the possiblility that they play
an important role in tyrosine metabolism has not bheen
excluded. In addition, it should bhe noted that the mecha-
nisms postulated are even more obscure. None of the important
intermediates have been isoclated in normel individuals.
Finally, 1if homogentisic acid 1s & normal intermediate,
little 1s known of the route by which it is converted to
acetoacetic acid.

In 1932, Medes (23) reported snother "inborn errér“ of
metabolism. This patient excreted thyércxyphenylpyruvie
acid in the urine. The feeding of phenylalanine or tyrosine
inoressed the excretion of this compound. Homogentisic acid
was metabolized completely. This tyrosinosis, as Medes
called the defect, resulted also in the excretion of 3,4-di-
hydroxypchenylalenine when large amounts of tyrosine were fed.
Thus, further proof for the conversion of phenylalanine to
tyrosine was obtained and also evidence of the oxldation of
tyrosine in the mets position. The latter finding implicated
tyrosine as & possible melanin and adrenaline precursor.

Gurin and Delluve {24) have shown the oxidation of
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tritium-labelled phenylalsnine to adrensline, presumebly
through the prigr formation of a 3,4~dibydroxy compound. The
conversion of 3,4~-dihydroxyphenylalanine to melanin has been
well established by the work of Eaper (25) and more recently
by Mason (26).

In addition to the utilization of phenylalanine by way
of conversion to tyrosine, other metabolic pathways are known.
Womaek and Rose (27) have shown that phenylalanine is an
essential amino acid while tyrosine Iis not. That this differ-
ence can be reflected in the metabollc pathway has been
demonstrated by Butts, Dunn and Hallman (28). In their first
experiments racemic tyrosine and phenylelanine were fed to
rats and the liver glycogen content and urinary ketone bodles
(after sodium butyrate feeding) determined. Phenylalanine
feeding caused inoreased liver glycogen, slightly decressed
acetonuria and lnoreased urinary nitrogen. Alanine produced
effects simllar to those of phenylalanine, but in greater
amount. Tyrosine caused no change in any of these valuses.
Later (29) it was found that fasted rats, when fed L-tyrosine,
showed an increase in liver glycogen, in contrast to the
negative findings when DL-tyrosine was fed. The glycogenlc
effect of tyrosine has been recently confirmed. This work
will be discussed in Section F.

Defects in tyrosine metabolism have been reported in two

other diszeases. Fishberg (30) noted that cysnotic patients



excreted & tyrosine metabolite in the urine. This was
1éantifiaﬁ as thé quimenﬁ of homogentisic acid. The author
hypothesized that the oxidizing action of thia compound
produced the methemoglobin characteristlec of the disease.
Some 1ntevru§tien of tyrosine catabolism, possibly related to
the vit&min C Intake, was believed raspamaibl& for the
scoumulation of the metabeolite. Xemmerer (31) hes noted the
appearance of tyrosine derivatives In the urine of patients
with rheumatic arthritia. These patients had the same food
intake as controls who dld not excrete thesge compounds.

The early in vitreo studles of tyrosine metabollism by
Neubauer and Embdan; using perfusion mathods were lollowed by
the adaptation a? Warburg manometric teahniQuea to the
problem. In 1934, Bernheim and Bernheim (32) studied the
oxidstion of tyrosine and phenylalanine with "broken cell
suspensions.” ‘Tyroaine was oxidized best by liver tissues
with the uptake of four atoms of oxygen pér mole of tyrosine
under optimum,canditiana. No smmonie was produced. In con-
trast, phﬁnylalanine wag oxidized by both liver and kldney,
ammonia was produced, and the oxygen uptake was one atom per
mole. Cyanide inhibited the tyrosine system but not that of
phenylalanine. A year later, Bernhelm (33) showed that not
only were tha‘natu?al isomers of phenylalanine and tyrosine
oxidized by different enzyme systems, but that the oxldatlion
of D-tyrosine differed from that of the L-lsomer, since

kidney, as well as liver tissue, attacked the unnatural
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isomer. The oxlidation of D-tyrosine by liver tissuve, in
contrast to the naturel lisomer, was accompenied by ammonia
production and was not Inhibited by potasslum cyanide.

Felix and coworkers (34) were able to separate tyrosine
oxidation by hog liver into four steps by ﬁsana of pi differ-
ences In the brel. The end products of the reaction were
acetone and carbon dioxide. Homogentisic acid and g~hydroxy~
phenylpyruvic scid were also oxidized. Felix and Schaefer
{35) have reported the extraction of an enzyme system from
rat liver which oxidized gmhydrcxyghanylyyruvie acid with the
uptake of & atoms of oxygen psr mole. These findings do not
necessarily Indicate that this keto acid is & normal inter-
mediate in tyrosine oxldation, since neither ammonla nor
2~hyéroxyphanylpyruvie acid have been reported as products of
the in vitro oxldation of tyrosine. Furthermore, the work of
Neuberger (19), which will be discussed further in Section E,
has indicated that 2,65-dihydroxyphenylalanine 1s an important
intermediate in tyrosine metabolism.

in a later paper, Felix and associstes (36) detected
alenine as one of the products of tyrosine breakdown. Their
results agreed with the Neubauer scheme, except for the
alanine cleavage., They belleved that the tyrosine nucleus
only was oxidized to the acetone bodles formed during the
ineubation. Recent work, which will be dliscussed In

Section F, has shown that side chaln cleavage of tyrosine



during its oxldation to acetoacetic acid cannot take place
to any large extent. Thelr isolation of alanine is thus
difficult to expleain,

As some of the guestions concerned with tyrosine metabo-
liam‘were clarified it became apparent that studies of the
rare alcaptonurle indlvidual and normel tilssues In vitro
would have to be au?plementaé by controlled laboratory
experiments. Exparim&ntal aleaptonuria and other defects In
tyrosine utilization were soon produced by appropriate
changes in dietary factors. A discusslon of each of these
factors and 1ts relation to the tyrosine problem will be

given in the following sections.

B. Vitamin C and Tyrosine Metabolism

As early as 1930, prior to its sctual identification as
vitamin C, S8zent-GySregyi (87) noted that "hexuronic acid"
inhibited the formation of melanin pigments. The pigmenta-~
tion (38) asssocisted with Addlson's disease was decreased by
vitamin C supplementation.

In 1939, Sealock and sssociates (39) investigated
further the vitamin C-melanin relstionship. They fed the
melanin precursors, tyrosine and 3,4-dihydroxyphenylalanine,
to scorbutic and normsl guinea pigs. It was noted that the
vitamin ¢ requirement was increased when these amino aclds

were fed. In addition, the urines of the vitamin-deflicient
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animals recelving extra tyrosine darkened on standing.
Examination revealed the presence of homogentisic acld in
these urines. This compound was isolated and 1ts identity
definitely established.

The production of experimental alcaptonuris had also
been reported the previcus year, first by Papageorge and
ILewis (40) and then by Butte, Dunn and Hallman (28). Homo-
gentisie acid excretion in these cases was the result of the
feedling of large smounts of phenylalanine to white rats.
However, the gulnea pig plcture was due to a definite vitamin
deficiency, the levels of tyrosine fed were smaller, and the
conversion of the amino acid to excreted metabolites was
nearly complete when the vitamin deflciency was acute.

Sealock and Silberstein (41) then showed that administra-
tion of vitamin ¢ caused the disappearance of the urinary
metabolites. Whan 0.5 gm. of tyrosine was fed, adminlistra-
tion of 5.0 mg. of the vitamin resulted in removal of the
metabolites from the urine. S8Slimilar tests on normal human
subjects also resulted in homogentisliec acid execretion. The
difference between this type of alcaptonuria and the heredi-
tary type was emphasized when 1t was shown by Sealock,
Galdston and Steele (42) that vitamin € did not affect the
homogentisic acid excretion of the hereditary aleaptonurie.
Further work by Sealock and Silberstein (43) revealed the
presence of g~hyﬁrexyphenylpyvuvi@ and g«hydrnxyphanyllactic
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acids emong the excretory products, in addition to homo-
gentisie acld. The faadiﬁg of L~phenylalanine to the
vitamin C-deficient gulnea plg also resulted in the produc-
tion of these same excretory products. Vitamin C produced
its curative effect here élsa., The specificity of the
vitamin in this connection was demonstrated by the fact that
10 mg. of D~isoascorbic acid was Ineffective in removing the
metabolites., However, 200 mg., an amount egual in anti-
gcorbutic activity to 10 mg. of Le-ascorbic acid, was able to
prevent the metabolite excretion. Phenylpyruvie acld
metabolism (44), but not that of the p-hydroxy derivative,
was also influenced by vitamin C administretion.

The elinical epplication of these findings appearsd
shortly when Levine, Marples and CGordon (45) demonstrated
that the hydroxyphenyluris noted in premature infants on a
cow's milk formula (high protein level) was prevented by
vitaemin C. The defect could also be demonstrated (46, 47)
in full-term infants by the feeding of a single dose of 1.0
gm. of tyrosine in the absence of vitamin C, Both the
artificially induced and natural hydroxyphenyluris were
corrected by the proper vitamin C inteke and the authors
emphasize the importance of the vitamin in the diet of
infenta. ,

In 1942, Sealock (48) found that the administration of

dicarboxylic acids resulted in removal of the urinary
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metabolites of guinea plgs recelving extra tyrosine on a
vitamin C~free diet. The effect, however, was temporary, and
repeated doses gredually lost their effect. The action was
shown to be the result of the acidity changes which mobilized
tissue vitamin € and could be duplicated by the use of
gmmonium chloride. The scid-besse balance, therefore, must be
congidered when experiments of thils type are undertaken.

In vitro studies by Lan and Sealock (49) with liver and
kidney slices of normal gulnea pige demonstrated an Incressed
oxygen uptake in the presence of tyrosine substrate., Slices
of these tissues from scorbutic animals did not exhibit this
increased oxygen cansumptimn,‘hut the addition of orystalline
ascorble acid to the Warburg flasks restored thelr ability to
oxidize tyrosine. These same suthors (50) extended their
studies to 3,4~dlhydroxyphenylalanine and demonstrated a
similar dependence on an adeguate vitamin ¢ supply. In the
case of this amino ascld the most active oxldation took place
with kidney slices, while llver slices were most Important
with the former.

Sealock and Goodland (51) have prepared cell-free homoge-
nates of guines pig liver which oxidized tyrosine with the
uptake of 4 atoms of oxygen per mole of tyrosine oxldized.
The system was shown to contain thermostable, dialyzable
components. Similarly, Sealock and Clegg {52) have shown

thet cell-free preparations from kidney tissue will oxidize
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S,4~dibydroxyphenylalanine.

¥e may conclude that the dependence of tyrosine utili-
zation upon adequate vitamin ¢ Intake has been estasbllshed.
The demonstration of the 1in vitro vitamin function in
tyrosine oxldation, and the characterization of the crude
enzyme systems responsible, represent further progress in
clarifying the problem. These studles point to the action
of vitamin C st an early stage in tyrosine breakdown.
However, as yet no specific location of the vitamin action
in the postulated oxidative scheme involving homogentisic
acid has been reported. Furthermore, the function of the
vitamin in tyrosine metabolism in vivo may be more complex
than in yvitro studies seem to indicate., These questions, and
the more difficult one of the Interrelationship of vitamin C
with other factors regulating tyrosine metabolism, constitute

the subject matter of continuing research.

C. Liver Extracts and Tyrosine Metasbolism
1. Origin of tyrosine-liver extract relationship

In 1841, in connection with their work on the hydroxy-
phenyluria noted in premature infants, lLevine and coworkers
{47) had tried liver extrasct as a curative agent. This
extract was a crude liver extract, free from vitamin C.

Administration of this preparation reduced the metabolite
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excretion of one prématuraiinfant and one full-term infant
that had been receiving extra tyrosine, but had no effect on
three other premsabure infants.

In 1943, Swendseld and associates (53) reported an

Increased urinary excretion of keto acids by patients with un-

treated pernicious anemia. After traatm&nﬁ by intramuscular
injection of liver extract, the keto acid levels returned to
normal. Correlation of keto secid with hydroxyphenyl vealues,
as shown in Table I, suggested a disturbance in tyrosine
metabolism. Ten normal patlents on the same hospitsl dilet
showed avevage values of 82 and 195 mg. per 24 hours for

urinary keto acild and hydroxyphenyl compounds, respectively.

Table I

Dally Urinary Excretion Values for Keto Acids and
Hydroxyphenyl Compounds in Pernicious Anemia

Keto acids expressed as
pyruvic acid in mg.

HEydroxyphenyl compounds
expressed as tyrosine in

per 24 hr. mg. per 24 hr.
Kelapse Remission Relapse Remission
Range Avg. Renge Avg. Range Avg. Kange Avg.
228-177 202 107-94 99 T14-444 584 292-242 278
168~107 1356 8556 60 799-427 513 290-270 280
153-103 138 97-68 76 428-308 400 260-201 219
135-124 127 9374 682-362 442 287-240 256

82
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- Further work in 1947 by this group (54) confirmed these
results. Fractionation of the urine revealed that the por-
‘tion eontaining the hydroxyphenyl aclds showed the greatest
decreasse when liver extract was administered. This decrease
was the first effect of therapy and preceded any blood
changes. Vitamin C administration had no effect on patients
with normal plasw& levels of the vitamin. The authors sug-
gested s possible funetion of tyrosine in blood formation,
and t&ua linked the derangement of tyrosine metabolism
observed directly to the anemis.

On the basis of these facts, Sealock and Lepow (55)
inveatligated the effect of antipernicious anemla preparations
on the metabolite excretion of scorbutle guinea pigs receiving
extre tyrosine. These preparations contained an insignificant
ameunh of vitamin ¢ and pteroylglutamic acid. The prompt
decrease in keto acid excretion (paralleled by total phenolic
values) observed is shown in Table II. It is evident that
with & given preparation the effect 1s roughly correlated
with the number of units injected., Other liver extracts
yielded similar results, although correlation between differ-
ent extracts was poor. These extracts did not increase the
in vitro oxidation of tyrosine by liver tlssue, as has been
reported for ascorbic acid and pteroylglutamic acid (to be

discussed in Section D).
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Table II

Keto Acld Excretion Before and After
Liver Extract Injection

Liver extract feto meid excretion
injected

24 hr. before 24 hr. after % decrease

per unit
units mg . mge
15 2028 1569 1.42
20 237 72 1.37
20 | 198 135 1.54
20 215 186 0.67
Average 1.25 ¢ 0.29
7.5 244 199 2.46
7.5 314 265 2.08
15 253 208 1.19
22.5 325 1586 2.31

Average 2.01 ¢ 0.41
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Three reports which inmplicated tyrosine in hematopolesis
further strengthened the ides that entipernicious anemia
liver extracts contained some factor(s) concerned in tyrosine
utilization. In 1938, Subbarow and mssociates (56) concluded
2 serles of investigations on the nature of the factors in
liver extracts effective in curing pernicious anemia. They
suggested that the intersction of a primary and three
accessory factors wes necessary. The primary factor had
properties which suggested a eomplex pyridine derivative,
while one of the accessory factors was L-tyrosine. Jacobsen
and Plum (57) repcrted that tyrosine was essentisl for the
maturation of reticulocytes. This has been confirmed by
Christensen and Plum {(68), who noted that the main action of
tyrosine was tb enhance the actlion of & heat-labile factor.
These reports have not, as yet, been confirmed by other
investigators.

With the tyrosine-liver extract relationship revealed,
it would seem pertinent to review studles concerning the
nature of the factors in liver extract active in alleviation
of pernicious anemia, since these may be lumportant in

tyrosine metabolism as well.
2. Multiple nature of liver factors

Pernicious enemia, according to Minot and Strauss (59),

iz 8 complicated defliclency disorder, the cause of which ls



unknown, but may be due to a lack In the diet, or faulty
absorbtion or utilization of one or more dletary factors.
The disease is characterized by a macrocytiec, hyperchromic
anemla with the red blood cell count uauaily below 2,500,000
per cu., mm. As Wintrobe (60) has pointed oubt, this red blood
cell count 1s not due to a fallure of the cells to mature, as
1s the case in certsin nutritional anemias, but rather is due
to abnormal maturatlion which produces the megaloblasts found
in the bone marrow in éuch large numbers. These megaloblast
cells do not function, however, in oxygen transport. A
gastro-intestinal disturbance, characterized by achlorhydria,
and neural leslions later usually accompany the blood symptoms.

The classlcal treatment with whole or refined liver
extracts produces remigsion of all symptoms, but must be con-
tinued or the symptoms reappear. Numerocus studles have been
made to determine the nature of the active materlal present
in these liver extraocts. The work of Castle and sassoclates
(61), which showed the presence of an extrinsic factor in
foods, whioch 1s acted upon by an intrinsic factor, probably
an enzyme found in normel gastric Julce, is now classiec,
Cohn and associates (62), and Dakin and West (63), and others
have attempted to isolate the actlve constlituents from liver.
This subject has been reviewed by Subbarow (64).

Progress in this respect, however, was limlted by the

difficulty of the assay procedure. This involved the
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observation of the inecrease in the red blood cell count of
pernicious anemia patients on administration of the various
freactions. Obviously, individual varlation and the difficulty
in sscuring patlients sultable for assay purposes contributed
to the lack of progress.

This impasse was surmounted in 1947 by Shorb (65, 66),

who found that lactobacillus lactls Dorner showed growth

response to refined llver extracts. An assay method was
developed for the growth factor. The crystalline factor was
isolated by Hickes and coworkers (67) in 1948 and the
sctivity of the crystalline substance for growth of Lacto-

bacillus lactls was discussed by Shorb (68). The compound

crystallized as red needles which melted at 300°C. As little
a8 3-6 hg., produced & hematopoietic response in pernicious
enemia patients. This growth factor was temporarily named
vitamin Blﬂ’ pending identification of the compound.
Simaltaneously, a group in England working under Smith
(69) announced the isolation of the same or similar compound
by the use of chromatographic adsorbtion techniques. The
presence of cobalt, phosphorus and nitrogen in the molecule,
the approximate molecular weight of 1500 and some of the
physical properties were soon reported independently by both
groups (69-71). HNumerous reports have appeared this year
giving further detalls of the structure and chemicel proper-
ties of vitamin Byp. The group at Merck, which orlginally
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lsolated the compound, has shown the presence of basliec groups
in the molecule, reported optical activity and degraded the
molecule with the productlon of 5,6-dimethylbenzimidazole as
one fragment (72-74). In England, Smith and Parker (75), and
Ellis and coworkers (76, T7) bave reported analytical and
purification detalls.

; The c¢linical studies with the vitamin have establlshed
unequivocally its ability to remove all the symptoms of
pernicious anemia. 'The original reports have been extended
by Relsner and West (78), who injected pure vitamin Byp into
11 patients with pernicious anemia. All showed complete
hematologic remission and the five with neural lesions
reported improvement. This allevistlion of the nervous symp-
toms differed sharply from the action of pteroylglutamic acid
(to be reviewed in Section D) which produced only temporary |
increases in red blood cells (79, 80)., Similar results con-
firming the effectiveness of the vitamin have been reported
by Castle and assoclates (8l, 82) and Spiles and coworkers
(83). The usual dosages of vitamin By, have ranged from 5 to
10 Mg« per day by injection end somewhat higher when glven
orally. It bas been noted (82) that the oral effectiveness
is increassed if gastric julce from normel patients l1s also
administered. Vitamin Byg has 8lso been reported (83) as
effective in the treatment of sprue.

These results, establishing the vitasl funetlion of



vitamin Byp in blood formation, were probably only one facet
of the vitamin actlion. Work along other lines demonstrated
the importance of this vitamin in growth processes throughout
the beody. Thus, the probable tyrosine-vitamin relationship
in blood formation may be sxtended in the future to the
involvement of vitamin Byp in the general anabollc metabolism
of tyrosine, The importance of this possibility, and the
new fields for research opened by 1t, merits Investigation.

Investigation of various dilets for poultry had revealed
the absence of importent growth factors from vegetable protein
dilets. Byerly, Titues and Ellis (84), as far back as 1933,
hed reported poor hatchability and decreased chick survival on
these dlets, The search for the missing factor(s) was
intensified by the wartime shortage of animal protein,
Animal protein fector (as this was called) sctivity was re-
ported in fish solubles, 1iver extracts, cow mesnure, numsrous
enimal proteins and fermentation reasidues. Active work in
purifying the crude factor and developing chick assay methods
was carried on by Bird and coworkers (85, 86), = graﬁp headed
by Elvehjem (87), a group under Hill (88}, HMcGinnls &hd
coworkers (89), and others,

Shortly after the isolatlon of vitamin Byp in 1948, 1t
was reported by the Merck group (80, 91) that animal protein
factor activity was associated with the compound. The sug-

gestion was made that aenimal protein factor and Byp might be
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identical on the basis of the high activity shown by the
vitemin in promoting chick growth. Bird and coworkers (92)
reported that vitamin Byp supported maximum growth of chicks
on diets deficlent in animel protein factor. The factor was
also shown to be essential for mammalian growth. Cary and
Hertmen (93) reported the abllity of the vitamin to substitute
for their "Factor X," and it probably is related to the
“Zoopherin® of Zucker and Zucker (94). Both of these factors
were essentlial for rat growth on purified dlets. The low
levels of the factor required for growth made the early
results equivocal in some cases, but when the dams of the
experimental animals were slso depleted by the use of vegeta-
ble protein or purified casein diets, the factor was found
to be essentlal for rets by Emerson (95), for pigs by Johnson
and coworkers (968), Hogan and coworkers (97) and Luecke and
coworkers (98), and for mice by Bosshardt and associates
(99, 100), Vitamin Byp promoted increased growth in all of
these reports,

A large number of bacteriel assays were developed.
Chick and manmalian assays were complleated by the problem of
depleting the assay animals. It was found by Evans and Nelson
{101) that, in addition to growth, lactation required an
increased amount of animal protein factor. BSeveral authors
noted that feeding of desiccated thyroid or lodinated caseln

also increased the requirement for the factor. This latter



finding was mede the basis for new methods of assay, using
rats (102, 103), chicks (104, 105), and mice (100, 106).

In 1849, when certain natural sources of these various
factors were compared on the basis of thelr antipernicious
anemia, microbiologlcal and animal protein factor activity,
certain discrepancies became apparent. Some of these natural
products had, for example, more snimal protein factor activity
than would be predicted from their Byp content (based on
mierobiological assay). Elvehjem and coworkers (107) con-
firmed this and showed that the ethyl aleohol extract of
liver, discarded Iin the preparation of antipernicious anemis
extracts, had an extremely high chick growth potency.
Stokstad and coworkers (108) reported that the maximum growth
obtained by chicks on vitamin Blgksupplem@ntsd dlete could be
increased by the addition of other liver fractions. Cunha
and coworkers (109) reported that the growth of pigs on corn-
peanut meal rations wes increased by a Fuller's earth
concentrate of vitamin Bjg, but that greater meaximum growth
was cobtained when animal protein factor from fermentation
residues was used as supplement. A number of authors
reported the separation of highly refined antipernicious
anemia extracts by paper chromatography and electrolytic
methods into as many as slx components. Snook and aaaociatas
(77) discussed the analyses of vitamin Byg. The Merck group
{(73) had reported a cobalt:phosphorus ratio of 1:1, while the
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Fnglish group's compound (71) had & 1:3 ratioc. These dis-
crepanciss seemed to Indicete that different formes of the
vitamin, possibly produced by the lsolation processes,
exlsted and had blologleal actlivity.

Stokstad and coworkers (110) have reported that chroma-

tography of Streptomyces aureofacliens fermentatlion residues

yielded two crystalline fractions,., Both showed blological
actlivity by chick and microbiological assay. The absorbtion
gpectra of these two compounds differed, and the spsctrum of
one was similer to that of vitamin Bjg. The asuthors named

the other compound vitamin Bjoy. Vitamin By, had previously
been described (72) as a hydrogenatlion product of the vitamin.

Finally, Ewo English reports by Cuthbertson and assocl-
ates (111) and Shaw (112) revealed dlsorepancies between
clinical antipernicious anemis and vitamin B, (by micro-
blological assay) activity of liver extracts. They inferred
that the form or forms of the vitamin present in liver
extracts were more sctive clinically than would be expected
on the basis of their vitamin By, content.

At the present time, therefore, 1t seems probable that
more than one chemical aémpannﬁ exlsts with vitamin By,
activity. The conjugation of the vitamin with unknown sub-
stances probably differs depending on the source. The
activity of these varlous forms then would depend on the

specles used for assay and the criterion used, as growth,



blood formation, and so forth. The elucidation of the struce
ture of the vitamin should clarify many of these questions.
Several attempts have been msde to assign these Byg com~
pounds a specifie function in growth. One of the earliest
ideas was advanced by Shive and coworkers (113, 114) and by
Wright and associates (115). Inhibition studies on lacto~
bacillus lactis had shown thet the nucleoside, thymldine,

could replace the requirement of this organism for vitamin By o
The data supported the conception of vitamin Byp a&s function-
ing in the blosynthesis of the nucleoside. However, more
recently it has been shown bﬁ numerocus authors that purlines
and other nucleosides essentlal for bacteriel growth are
spared by the vitamin and that the relationship depends on
the bacterial species beling tested.

A relationship between transmethylation and the vitamin
has been reported by Salmon (116), who showed that the pres=-
ence of vitamin Bjo in the dlet of chicks and rats reduced
the requirement for cheline., Similar data have been presented
by Norris and coworkers (117), while Cunha and associates
(109) have reported that the enhanced growth of pigs on corn-
pesnut meal rations, which was produced by methionine supple-
mentation, could also be produced by anlimal protein factor.
When the animal protein factor was present, extra methionine
had no effect on growth.

Cary and coworkers (118) concluded that vitemin Byg
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played a fundamental role In the capacity of mammals to
utilize protein. Thelr data was concerned with the growth
Increases of vitamin Bygw~supplemented rats over control ani-
mals, as the proteim in the diet was Increased from 25 to 65%.
As the proteln content of the dlet was increased, the growth-
promoting effect of the vitamin supplementatlion incressed.
This fact was cited as evidence for thelr conclusions.

The large number of reports cited in this section, all
appearing since the isolation of vitamin By, In 1948, are
evidence of the Iimportance attached to this fsctor. The eluci-
~dation of the structure of the vitamin, and of the various
forms which occur naturally, has not yet been accomplished.
Kowever, the slmost universal participation of these factors
in growth processes and the specific function of the vitamin
in blood formation seem to have been shown conclusively. The
sctivity of antipernicicus ansemia liver extracts in tyrosine
metabolism, which has been demonstrated In the gulnea pig,
mey paaaibiy be related to some function of tyrosine in blood
formation. FKHowever, the combined actlon of pteroylglutamile
acid and liver extracts in blood formation has now been
extended to other growth processes, and 1t seems probable
that the tyrosine~liver extract reletlonship as well is not
confined to hematopolesis. The action of pteroylglutamic
acid in tyrosine metabolism and the more complex interrela-

tionships which have been reported between this vitemin and



other accessory factors will be discussed in the following

section.

D. Folic Acld and Tyrosine Metabolilsm

The isolation of pteroylglutamic acid, also called folic
acid, and the various conjugatea of the vitamin several years
ago resulted In an intensifled study of the various functions
of these compounds. This situation 1s comparable to the
widespread interest today in vitamin Bygs The importance of
foliec acid in hematopoiesis and its effectiveness in curing
certalin anemlias was soon demonstrated. The close relation-
ship of'ptermylglutamia acld and the liver principle in blood
formation and thelr apparently aynerglstic action in curing
certain anemias was demonstrated. Follc ascid was found to
improve the blood picture in pernicious anemim. Stokstad and
Jukes (119) reviewed this subject in 1948.

These fects influenced Rodney, Swendseld and Swanson
(120) to investigate the influence of pteroylglutamic acld on
tyrosine metabolism. Rats were made deficlent in the vitamin
by fesding sulfasuxidine, and the ability of llver homogenates
from these animals to oxidize tyrosine was inv&stigataﬁ in
the Warburg apparatus, Oxygen uptake by the deficlient livers
was lower then normal controls and the addition of pteroyl-
glutamic acid resulted in an Increased oxidation. In 1949,

the same asuthors (121) repeated these experiments on folic
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acid-deficlent rats with some modifications. The gg/zzﬁgg
addition of crystalline folic acid partially restored the
oxygen uptake of deficient liver brei, as had previously been
reported. Vitamin C and liver extrasct had no effect. The
addition of a folie acild &ntagoniat, 4~-aminopteroylglutamic
acld, ég‘ggﬁgg had no effect on tyrosine oxidation. Livers
from animals fed this antagonist, hwwsiar, did show s
decreased oxidation of tyrosine. Contrary to the expected
result, the sddition of folic amcid to the system in this
instance had no éffeat. However, when folilc acid or liver
extracts were Iincluded In the diet along with the antagonist,
the tyrosine oxldation 3§ 3§§gg was normal. The function of
pteroylglutamlc acid in tyrosine oxidation seems to be com-
plex, therefore, and closely connected with the action of
factors in liver extract.

The earlier experiments of Swendseid and coworkers led
Woodruff and Darby (122, 128) to investigate the effect of
pteroylglutamic acid on the excretion 0f tyroasine metabolites
by the vitamin C-deflcient gulnes pig. They found that this
vitamin abolished the excretion of these metabolites as
effectively as did vitamin C.

In the first series of experiments the vitamin was
administered orally. In this case, 15 mg. per day for three
days was required to reduce the tyrosyl (phenolic) value to

5% of the administered tyrosine. Later it was shown that
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lowered excretory values could be maintained for as long s
20 days when the animals were fed & scorbutigenic dilet plus
5% L-tyrosine and daily injections of 5 mg. of folic acid
were administered. The four groups analyzed consisted of two
animals each on the following diets: experimental, experi-
mental plus folic ecild, experimental plus vitamin C, and
experimental plus both vitamins. The average dailly tyrosyl
values over the %Qfﬂay period for these groups were 37.3,
6.6, 5.2, and 4.8%, respectively.

Some c¢riticism may be made of this long-time experiment,
since the food intake (and consequently the tyrosine intake)
of the one animal reported in detall (folic acid group) fell
to zero several times during fhﬁ experiment. In addition to
pteroylglutamic scid, the triglutamate, but not the
diglutemate, caused a decreassd tyrosine metabolite excretion. '

These authors also reported that dally intramuscular
injections of & U. 8. P. units of liver extract praduaed no
change in metabolite excretion. Thls report is contrary to
that of Sealock and Lepow (55). However, the conditlons of
the two experiments differed considerably., The basal diet
was different, the pre-injection level of metabolite excretion
in Woodruff and Darby's experiments wae considerably lower,
thelr dosage was at the extreme low end of the effective
range as reported by Sealock, and they tabuleted the average

excretion level over & four-day period, while the excretion



during the 24-hour perilod following the injection has been
used by Bealock as the criterion of effectiveness. This
criterion was used because the effect of the injection of
livar extracts disappeared after the first 24-hour periocd
(124).

Recently, Govan and Gordon (1285) have reported that
the administration of 10«30 mg. of folie acid removed the ab-
normal tyrosyl metabolites excreted by premature infants on
cow's milk dlets., FHowever, the variablility of responge,
which hed previously been noted when liver extract was used
(47), was again reported. Data on 10 infants was given. Four
of these responded to folic scld treatment, while the others
did not. Pive of these others, however, did respond to
vitamin C therapy.

The results cited in this sectlon deflnitely Implicate
folic acid in tyrosine metebolism. Its action resembles that
of vitamin C in the amounts used, the duration and intenslty
of the tyrosine metabolite decreases produced, and the
demonstration of an in vitro effect on tyrosine oxidation.

On the other hand, reports in fields other than tyrosine
metabolism, stress the close relationship of folic acld to
liver extracts in blood formation and growth processes. Some
of the more pertinent relationships among these three factors
will be cited in the following paragraphs. No informstlion ls

available, however, as to what connection these factors have
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with one another in tyrosine metabolism. If folie acid and
vitamin C are concerned with a catabolic pathway of the amino
acid, do they act at different stages of the same one, or do
they act on two different pathways? Do the liver factor(s)
act in an anabollc capaclity? If so, what anabolic pathway of
tyrosine ls affected? These questions have not yet been
answered.

Wintrobe (126) has shown that & follc acid deficiency in
pigs resulted in & macrocytic anemia which closely resembled
that found in perniclous anemis. Even the megaloblastlic bons
marrow was evident. The primary cure for this nutritional
anemis was the sdminlstration of folic acid, although liver
extracts and vitamin By, had some curative effect. On the
other hand, liver extracts seem to be the primary agents in
the cure of pernicious enemia, though folic acid may allevi-
ate the anemia. Bethell (127) has reported one case of per-
nicious anemia where & folie acid antagonist, 4-aminopteroyl-
glutamic scld, blocked the ususl response to the administra-
tion of vitamin Byg. This relationship appears to be similar
to that found by Swendseld (121).

Very recently, Bennett (128) has reported experiments
with rats on synthetic diets which she has interpreted to
indicate a vitamin Byp-foliec acid functlon in the utilizatlon
- of homocystine. These rats showed normal rates of growth on

a synthetic diet (amino acid mixture) containing no known
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methyl donors, snd homocystine as the only sulphur-containing
amino escid, However, the addition of sulfasuxidine to the
diet resulted in poor growth. Addition of biotin improved
growth allightly, and high levels of folic¢ acid, in sddition
to biotin, restored growth to normal in some animels.

Animals which did not respond to these two vitemins, 4id show
good growth when "Liver Extract Lilly" was added alszo.

Growth rates reported for these various groups in gm. per day
were: basal, 1.5; basal plus 2% sulfasuxidine, 0.3; basal
plus blotin and folic sacid, 1.3; basal plus biotin, folle
acid and liver extract (growth of this group without liver
extract was 0.0), 1.3. The auther interpreted these rssults
to indicate that falié acid and a factor found In liver
extracts were required for homooystine utilizatlon under the
experimental conditions. Differences in storage levels of
other B vitaminsg, of which vitamin Blﬂ was probably the most
important, accounted for the variability in the response to
folic acid alone.

Elvehjem snd coworkers (129) have studled the action of
different factors on niscin-deficient dogs. These dogs lost
walght and éevelepéd a maecrocytic anemia, Finally, they
ceased to respond to niacin supplementation. At this stage,

- folle acid produced hematopoletic responses, but the greatest
gains in blood formation and welght were produced by adminis-

tration of purified liver extracts in addition to these other
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factors., The same group (130) has studied phenylhydrazine-
induced anemia In folic écid»daficiant chicks. Here again,
folic acid produced some improvement, but the further addi-
tion of antiperniclous anemls extracts was required for most
rapid return to normal blood levels. Recently, the activity
of various enzymes (131) from these folic acid-dsficient
chicks was studled. The effect of folic acid and vitamin Byo
additions iIn vitro to these systems was reported, but no
definite conclusions were drawn.

Day and coworkers (132) have reported that the growth
depression produced by addition of 10% glycine to the diet of
rats 1s prevented by inclusion of folic acid in the dlet,
though vitamin ¢ and liver extract alaé had aome effect.

Johnson and Dana (133) fed rats a folie acid-deficient
diet, plus sulfasuxidine. The addition of vitamin C to this
diet csused a significant weight gain and dissppearance of
hemorrhages. The further addition of follc acid produced e
significant increase in reticulocytes. Elvehjem and
coworkers (134) noted that vitamin ¢ aided chicks on a folic
scid~-deficient diet. The hemoglobin levels were increased

in this case and growth was affected by folle scid only.
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E, Other Dletary Pactors
1. Amino acids and other vitamins

A number of papers have sappeared in which defects in
tyrosine metaboliam have been noted when dietary factors
other than those previously discussed were omitted. Experi-
mental alcaptonuria hes been produced in rats by feeding
large amounts of tyrosine or phenylalanine by Butts and co-~
workers (28), Papageorge and Lewis (40), Abbott and S&dlmon
(138), and Lanyar (136)}; and in mice by Lanyar (137).

In 1945, Neuberger and associates (138) showed that the
excretion of homogentisic acid by the rat reaeiviﬁg extra
tyrosine was dependent on the cystine and methionine intake.
Small amounts of tyrosine could produce the metabolic defect
when these amino acids were absent from the dlet. It was
later shown (139) that albino rats developed the defect more
easlly than pigmented strains, but that when the protein in-
take was low, or essential amino acids were missing from the
diet, both strains failed to metabolize tyrosine completely.
Thus the primary defect in this experimental alcaptonuris,
1t was suggested, was an overloading of the catabolic path-
ways by extra tyrosine, which was accentuated when the

anabolic pathways were blocked by lack of essentisl amino
acids. As a result, the intermedlate metabolic product of

tyrosine oxidation, homogentisic acid, appeared 1in the urine.
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Several authors have reported toxlc effects when large
doses of tyrosine were fed to very young rats.‘ Martin and
coworkers (140, 141) noted skin lesions and hyperglycemia
under these conditions. The primary defect seemed to be a
riboflavin deficiency, but the addition of eystine or glycine
to the diet decreased the symptoms. Marnay (142) has re-
ported similar effects when tyrosine was fed at a level of
5% in the dlet, in addition to that found in the 19% casein
~which was the protein source. He also reported that cystine
had a curative action. Thus it 1s possible that cystine has

& more specific relationship to tyrosine metabolism than the

work of Neuberger would indicate.
2. Purified diets for guinea pigs

The multiplicity of factors which had been reported to
be of importance in tyrosine metabolism Indicated the use of
a purified dlet, the composition of which was known, for
any experimental work concerned with tyrosine utilization.
Attempts to produce such a diet had been initiated soon after
the guinea plg was introduced as a laboratory animal. However,
1t was not until a‘few months ago thaet a dlet was devised
whieh would permit growth equal to that produced on natural
diets. Woolley and coworkers (143, 144) found that when
three factors were‘adﬂed tb thelr casein-sucrose ration, a

growth rate of 4 gm. per day was obtalined., These factors

were identified as foiic acid, some constituent of liver
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extracts, and a bulk factor whiech was supplied by cellulose
and protein. King and sssociates (145) developed a ration
which supported daily growth of é?é‘gm. for 100 days. At
leaat two nutrients of vitamin nature, one found in crude
cagselin and the other iﬁ rice polishing concentrates, were
needed.,

Elvehjem and Hart (146) reported rasuitéwﬁgggéma sucrose-
~casein ration, which when supplemented with various ¢rude
materials, anpy&rbeé growth equal to thet on & commercial
ration. These supplements included Cellu flour, beet pulp
and gum arablec at the 309 level. The gum arabic was best,
but an hydrolyzate prepared from it had no growth-promoting
action. Presumably some bulk factor, which previous suthors
ealso had noted as being necessary, was furnished., A ration
containing sucrose, casein, vitamins, salts and 15% gum arabic
produced growth of 5.1 gm. per day. The addition of alfalfa
leaf mesl improved this diet so that normal growth of 7-8 gm.
per day was obtalined. Astonishingly, however, the ash of
‘this last supplement proved as effsctive as the meal. The
authors hypothesiged that the ash furnished a high level of
potassium, which was needed by the guinesa pig. The final
results (147) confirmed this ldea. A4 diet containing sucrose,
307 cssein, 15% gum arabiec, vitamine, salts, and soybean oil,
and supplemented with 2.5% potassium acetate and 0.5¢ mag-

nesium oxide supporied normal growth during the experimental

period.
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F. Isotope Studies of Tyrosine Metabolism

In 1939, Schoenheimer and his collsborators (148-151)
instituted thelir studies of protein metabolism which eventu-
8lly resulted 1In the present concept of the dynamic state of
body constituents. For these studles they used amino aclids
labelled with 1sotopie nitrogen. They discussed theoretical
considerations involved in the use of N1° and methods of
analysis and demonatrateé that the amino group of smino acids
d1d not exchange with the surrounding nitrogenous constituents
unless chemical reaction took place. After these preliminary
papers, the suthors proceeded to synthesize amlino acids with
Nlﬁ in the amino group &nd feed these to rats.

Their tyrosine experiment (151) involved the addition of
small amounts of DL-tyrosine (containing 2.04 atoms ¥ excess
¥15) to the diet for 10 days. At the end of the 10-day period,
when the animal was killed, 1.86 gm. of the isotopic tyrosine
and 0.9% gm. of the normal tyrosine in the casein had been
consumed, Analyses of urinary constituents, liver, blood
and carcass fractlions were made.

In general, the lsotopiec nitrogen of the tissues was
found mainly in protein and, apart from tyrosine, was found
in four different fractions: 1) in theo - amino group of the
dicarboxylic amino acids; 2} in histidine from the liver;

3) in the "potential urea" portion of arginine; 4) in the



protein "amide nitrogen" (liberated ms ammonia during prote-
olysis). The only fraction isolated from protein which
contained no isoteplec nitrogen was lysine. All of these pro-
tein fractions only accounted for a small portion of the total
isotope in the protein, sc other fractions not analyzed
evidently contained considerable amounts of the isotopile
nitrogen.

Table 111 shows a summary (by the writer) of the amnalyses
for which the "% yield"™ could be calculated., No quantitative
receverﬁ was reported for those fractions not listed in the
table, and Schoenheimer's conclusions were drawn from a con-
silderation of the determination of "atoms % N1® excess" only
in these cases. The calculated "¢ yileld™ in Table III is
based on the isotopic DL-tyrosine consumed.

Despite the fact that the animal remained in nitrogen
equilibrium throughout the experimental period, Schoenheimer
noted that about 48% of the dietary tyrosine nltrogen remained
in the body. This was the filrst demonstration of the exchange
between food and body constituents, which was later expanded
into the theory of the dynamic state of body constltuents.

It should be noted that all thess results were calcu-
lated on the basis of the racemic asminc scid fed. Undoubtedly,
the metabolism of the D-isomer differs from that of the
naturel form Iin some respects and this obscures more quanti-

tative interpretation of these results. The fate of & large



Source

Diet

Iiver

Gareaag

Blood

Uirine

Isotope Recovery After Feeding
DL~Tyrosine Containing 315

SBubstance

Total tyrosine
consumed

Non-protein N
Tbtal protein
Tyrosine
Amlde R
Non-protein N
Total protein
Tyrosine
Amide N

Protein from
plasma

Hon~protein N
from plaama

Total N first
9 days

Total N last day

Urea last
day

Ammonis last
day

- b -

Table 11T

yio
excess

atom %
1.36

0.038
0.039
0.316
0.044
0.015
0.012
0.100
0.012
0.029

0.0686
C.077

0.067
0.087

0.197

Total recovery

i

y16

Total ¥ excess

mg.

215.0

16.5
224.0

5.9%
10.7
947.0
8900.0

213.0%
383.0
47.5

1.8
1950.0

167.5
140.0

3.0

mg.

2.90

0.0063

0.087
0.018

0.004%

0.142
1.08
0.21
0.046
0.014

0.001

1.50

0.11
0.094

0.006

Calculated from analysis on another anlmal.

% yield

0.2
5.0
0.6
0.2
4.9
40.0
5.6
1.6
0.5

0.03

51.8

5.8
Se2

0.2

104.2
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portion of the isotopic nitrogen in the protein has not been
determined, and further analyses should yield additional
information concerning the metabolism of this amino acid.

The experiment cited above is the only reported one in
which isctopic nitrogen was used té mark the tyrosine mole~
cule., Studies with marked tyrosine, in which the various
dietary factors implieateé in the metabollism of the amino
"acid are varied for the purpose of ﬂeﬁsrmining their site of
actian and funection, should yleld important information, The
moat iogical start for such & series of experiments would
utilize isotopic nitrogen, since it 1s guite possible that
one of these vitamin factors msy funection in the removal of
the amino group from the molecule. Also, for in vivo experi-
ments isotople nitrogen is more easily traced than deuterium
or isotopic carbon since the dilution faqtor in the body is
meny times smeller. No studles such as these have besn
reported. :

Radioactive carbon (614) and heavy carbon {615), however,
have been incorporated in the tyrosine moclecule for the
purpose of studying some particular catabolic pathway. These
investlgations have been metabolic turnover studles in vivo,
utilizing racemic tyrosine, thus making interpretation
difficult; others have been 1n vitro investigations of some
particular catabollce pathway.

Winnick, Friedberg and Greenberg (152) fed tyrosine



labelled with ¢1% in the B-position of the sidechain to a
normal and a tumor-bearing rat. The carbon chaln of the
tyrosine, in contrast to the amino group, did not contribute
significaently to the formation of other amino acids.
Approximately 30% of the administered dose was found in pro-
tein, all as tyrosine. Intestinal mucosa had the highest cl4
conecentration, followed by kldney and blood plasma. The
liver had some 614, but very little was found 1n adrensls or
thyroid. These findings may be related to the short time
fasctor to some extent, since the dose was injected into the
Jugular vein and the animal killed six hours later.

0f the 1.0 mg. of tyrosine administered, approximately
30% was found in protein and 27% in the urine. The rest has
not been accounted for by the analyses. Tyrosine, urea, aceto-
acetic acid, ketones, hippuric scid and creatinine accounted
for 50% of the urinary radioactivity. The authors belleved
that the following reactlions accounted for the radiocactivity
in hippuric acld and ereatinine:

tyrosine -~ acetoscetic acld —>» acetic acid —
glycine.

Reid and Jones (153) reported s similar study of the
administration of radiocactive tyrosine to mice bearing a
melanosarcoma. After 72 hours, 30% of the administered dose
appeaiod in the respiratory carbon dloxide, 40% in the urine

and feces, and 30% in the carcess. Radioactivity was found
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in every tissue of the body, and the highest activities, in
general, were found to confirm the findings previously
described, However, the adrenals and thyroid also showed
high activity.

Weinhouse and Millington (154) incubated L~tyrosine,
containing 014 in the Bp-position of the sidechain, with rat
liver slilces. Acetoacetate was isoclated and degradation
studles located aslmost all of the radiocactivity in the
o{~carbon atom. The ocarboxyl group showed little radioactivity.
The authors concluded that their findings were in accord with

the scheme:

Ho( )-8Hy-0n-0008 ——= H0-(_ )-EHp-C0-COOH
NH, 1

OH
cag~cs-ﬁﬁz~aaen -— [;;18§2~600H

Gurin and coworkers (155, 156) have reported confirme-
tory experiments using labelled phenylalanine. The DL-form
was used with 314‘1n the carboxyl group and the X~position
of the sidechain. Incubation with rat liver slices, and iso-
lation of the acetoascetlic aclid produced, showed the presence

of 014 in the carboxyl group only. The respliratory carbon



dloxlde also contained some isotope, showing that the
original carboxyl group of the phenylalanine had been elime
inated. The labelled amino acld was slso fed to phlorizin-
diabetic rats, but the excreted radiocactivity was quite low.
In another experiment, phenylalanine ring~labelled in
'the 1,3 and b positlions was incubated as previously and
acetoscetate was isolated. Most of the radicactivity was
found in the methyl carbon atom of the acetoacetate. The
only mechanism which would explain this finding would involve

g shift in the side chain as shown below:

OHp-GH-COOH — > Hy + 0O,
NEg co
bocn

This scheme ls in accord wlth the previously postulated
mechanisms of Neuberger (21) and Neubauer (5), which involve
quinel intermediates.

in November of 1949, Lerner (157) extended these studles
in an effort to determine the fate of the other portions of
the tyrosine molecule. For this purpose, Le-phenylalanine was
syntheslized with ¢} 1n every position of the ring and cl® 1n
the ~position of the sidechain. Also, L-tyrosine with cl4
in the p-position of the sidechaln was used. These compounds

were incubated with rat liver slices. The acetoacetic acid
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isolated from phenylalanine Iincubation contained cl4 1n the
e-and ¥—-positions and c® in the carboxyl group. Thie con-
firmed the work of Curin, cited above, and indicated that the
acetoacetic acid was formed from two ring carbons and the ol-
and Q—carbana of the phenylalanine side chain split off as
an intact molecule.

The author also isolated malic acid with ¢1% in svery
position. This compound, as well as scetoacetlic acid, was a
major component of the oxidation, since 14.2% of the starting
radioactivity was recovered as malic acid and 7.3% as carbon
dioxide derived from malic acid. This compound was formed
from the four ring carbon atoms which were not involved in
scstoacetic acid formation., The studles with labelled tyro-
aine}caﬂfirmad those with phenylalanine. C(leavage of homo-

gentisic acid, as shown below, could yileld these two products:

OH
45 6 1 1 7 8 5 2 7T 8
HOOC~CHy ~CHOE~COCH «—— 6 3ﬂé~0$0§ ———9ﬁ0§$~CO~CﬁE*GGOﬁ
5 S
4

OH
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i1l. EXPERIMENTAL

A. Effects of Concentrated Liver Extracts
1. Methods

The guinea pigs used for th@sé experiments were obtained
from commercial dealers and maintained in stock cages on
Purina Rabblt Chow, complete ration, supplemented with carrots
and cabbage. Later, some animals were kept on Kockland
Guinea Pig Ration (vitamin C-fortified). A4nimals weighing
from 280 to 500 gm. were used for experimenta. For the meta~
bolic experiments they were housed In individual wire mesh
cages supported In large fumnels. Feces and food particles
were caught in fine mesh sereening underneath the cage, while
the urine ran Into s collecting bottle. This bottle contained
10 ml. of 2.0 N. hydrochleorie acid.

Only male snimals were used for experiment. These were
fed 8 basal dlet which contained insigniflcant amounts of
vitamin C. The basal dlet was prepared by grinding Purina
Rabbit Chow to a fine powder and spresding in a thin layer.
Exposure to the air in this maenner for five or more days
destroyed the small amounts of the vitamln originally present.
After two to three days on this basal diet, the animals were

fed daily supplements of 200 mg. per 100 gm. of body weight
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of L-tyrosine. \LuTyrasine,kgarabasaé from ¥erck and Company,
was fed as & 10% mixture with the basal diet. In addition to
the tyrosine supplement, the faed‘yana always contalned basal
diet, and more was added when the animals had consumed the
supplement. A few experiments in whiah the enimals di1d not
eat all of the supplement were discarded. The guinea plgs
w@ré welghed daily while on experiment. At the start of each
24 ~hour Qariaé approximetely 0.9 gm. of 3qu1bb‘pr Mead
Brewera' Yeast was agrinkled on tép of the diet mixture. All
animals were fed 1.0 ml. of cod iiwer 0ll per week by plpette.
A suggly of fresh water was always available.

At the end of eaéh zé;haur’parioé, the splattered urine
wag washed from ﬁh@ funnel into the collecting bottles. The
| urine aamplas‘plua washings were fiitara& through No. 4
Whatman filter paper into 100 ml, graduated cylinders and
diluted to that volume with distilled water. Analyses were
done immediately on aliguots of this or of a 1:20 dilution.

Analyses for keto acid were done with the 2,4-dinlitro-
phenylhydrazine reagent according to the method of Penrose
and Quastel (158), as modified 1n this laboratory (124).
Total tyrosyl values (phenol) were determined by the method
of Folin and Clocalteu (159), as modified in this laboratory
(124). This method depends on the quantitative development
of a blue color when phosphotungstic-phosphomolybdic acid is

added to & phenol-containing solution. All reasdings were
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made on the Klett-Summerson photoelectric colorimeter with
the appropriate filter and stenderd. Due to the instabllity
of guhyﬁraxyphanylpyruvic acid, it could not be used as &
primary standard for the keto acid determination. Instead,
the colorimeter was calibrated with & freshly~prepared solu~
tion of g-hyﬂrexyphsnylpyruvio acid,

The experlmental procedure followed, unless otherwlise
indicated, was to feed the tyrosine supplement and analyze at
the end of each 24~hour period until the keto acid excretion
was 307 or more of the administered extra tyrosine. The
various vitamin supplements were then glven at the start of
the 24-hour perlod and analyses continued usually for several
days following vitamin supplementation. Vitamin C was given
by mouth as a water suspension, liver extract was Injected
intraperitoneally and folie acid injected subcutansously,

unless otherwilse noted.
2. Analysis of assay procedure

The first series of injections of liver extract were
preliminary in nature, and made for the purpose of studying
the variation when the same dose was injected into different
animals and to follow the proportlionality of response to
administered dose. Two preparations were tested. These were
high-potency experimental extracts ldentified as Armour 1080

and 1103. The antipernicious snemla potency of these
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extracts was approximately 20 U. 8. P. units per ml., although
they were prepared from different liver batches. A few injec~
tions were made subcutaneously, but later the 1ntrapéritonaa1
route was sdopted, as it waes felt more rapid absorbtion and
hence greater effectiveness was obtalined.

A typlcal experiment ls shown in Figure 1. The prompt
decrease 1in both keto a&id and tyrosyl values upon administra-
tion of liver extract can be seen., The level of metabolites
is plotted as per cent of theoretiecal yield, based on the
smount of extre tyrosine fed. The changes Iin both tyrosyl
and keto acid values parallel esch other approximstely, as
was usually the case. The rapid increase In metabolite
excretion on the second day after injection was also typleal.

The results of the complete serles of injections are
reported in Table IV. Only keto acid values are given, since
the tyrosyl changes paralleled these so closely. In some
cases, more than one injection was made, but the effect of

these later injections was very small {es will be shown).

Therefore, only the excretion values iIn the Z4-hour period
following the first injection sre reported. When a gulinea
pig was used more then once, it was only after several

weeks on the stock diet prior to the second experiment.



<xOoMI—<4 MO A42MO0O VMDY

100

80

60

40

20

- 54 =

G, PIG NO. IO
— 0.8 ML.
ARMOUR 1103
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DAYS
FIG. | EXCRETION OF KETO ACID (SOLID

COLUMNS) AND TYROSYL METABOLITE CALCULATED

AS TYROSINE (CLEAR COLUMNS),

LIVER EXTRACT INJECTION.

ARROW INDICATES
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Various calculations may be made to express the change
in the level éf metabolite excretion. The "Decrease"™ in
Table IV is the simple dirferenco bafwaaﬁ the kato‘acid
levels, expressed as per cent of the‘theoretieél yield,
before and sfter injection. Thia‘exgressxan will be used in
most of the tables and is represented by the figure 5.9 in
Column 7 of Table IV. However, the magnitude of thia4changa
In reletion to the pre-injection lsvel may be expressed by
dividing this figure by the keto acid level (%) prior to
injection and multiplying by 100. This "Percentage Decrease,"
in the example cited, would be squal to 5.9 divided by 50.3
multiplied by 100, or 11.7%.

The results given in Table IV show that although the
two preparations had similar antipernlclous anemla actlvity,
thelyr ability to decrease metabolite excretion was quite
different. In addition, the variability within each group
was high, particularly in the case of the less effective
extract. The proportionality of decrease to dose was poor,
since the smaller injections produced & greater response per
0.1 ml., injected. This may have contributed to the varia-
bility within the group and accordingly a serles of experi-
ments was deslgned to test the effect of injection volume

on response,
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Table IV

Keto Acid Exeretion Before and After
Liver Extract Injection

between keto

Urinary excretion

Keto soid
after

e %

337 44.4
350 51.5
169 21.4
222  31.7

291 32.4
362 44.2
385 41.8
196 21,7
108 12.0

De-
In-  crease
De~ Jee~ per
creass ted 0.1 ml.
% ml. 9
Armour 1080
5.90 0.1 5.9
8.0 0.2 4.0
16.1 1.0 1.6
25.1 1.0 2.5
3.5
Armour 1103
2.1 0.8 0.3
«17.0° 0.8 +2.1
+ 7.0 0.8 +0.9
7.2 0.8 0.9
18.2 0.8 2.3
0.1

acid level (%) before and after

indicate an increased urinary excretion.

p?é Keto ecid
no. WE. before
gm. mg. %
3 380 382 50.3
4 340 404 59.5
8 395 296 37.5
4 350 386 56.8
Average
8 440 304 34.5
4 400 217 27.2
6 460 320 34.8
7 450 2860 28.9
10 450 271 30.2
Average
1B1ffsrsnce
injection.
g?lus signs
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The effect of injectlion volume on metabolite excretion
may be observed in Table V. All of these Injectlons con-
sisted of 0,5 ml, of Lilly 18-1002-20, This preparation was
a commercisl &nti@@rniciaus anemia extract contalning 20
units per ml. Previous work in this laborastory (124) had
shown this extract to have good activity in these guinea pilg
experiments, Only keto asidyvaluaa are reported, since |
tyrosyl values paralleled these closely, v

The relative ineffectiveness of this preparation, in
general, may be seen. Since the same extract had previously
given good results, evidently there was a loss in potency
during storage of this highly purified preparation. The age
of the extrect, even though stored in the cold, 1s thus a
factor which contributes to the variabillity of results. |

The injection volumes seemed to have no definite affaé%
on the response, except that the 5.0 ml. injections gave good
decreases in two instances. However, this large injectlion
volume resulted Iin poor food consumption. It was concluded
that 1 to 2 ml, of undiluted 20 unit extract would be best

for future work.



G.
pilg
no.

156
20
23
27
17
18
16
19
24
22
28

Wh.
g

300
260
300
420
300
330
340

360

430
590
390

w H8 -

Table V

Keto Acld Excretion Before and After

Liver Extract Injsction

Eeto acid
before

mg . %

258  43.2
236 45.4
218 36.4
262 30.0
172 28.6
217 32.9
223 56.0
332 46.2
244 28.4
328 41.3
203 26.1

Urinary exoretion

Keto acid

after

mg. %
280 45,2
244 45.2
233 38.8
459 53,4
228 39.3
98.5 156.4
396 58.3
310 45.6
166 19.2
324 42,7
95.5 12.6

De-
crease

%

* 2.02

0.2
+ 2.4
*23.4
+10.7
17.5
+22.3

0.6
. 9.2
+ 1.4
13.5

Injec~
tionl
volume

ml.

0.5
0.5
0.5
0.5
1.0
1.5
2.0
5.0
6.0
5.0
5.0

1411 of these injections conalsted of 0.5 ml. of Lilly
IL8~1002-20 diluted to the indicated volume.

2plus sign Indlcates an incressed urinery excretion.
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While a considerable difference in response from animal
to animal was still observed when more potent extracts were
used, some decrease in metabolite excretlon was always evident
Table VI lists the results obteined with freshly purchased
commercial extracta of similar pétency taktheae previously
used, Two preparations, Ell Lilly No. 377 end Reticulogen
No, 3560, assayed at & minimum of 15 units per ml. were used..
The average "Percentage decrease” shown in Table VI repre-
sents & drop in keto acld excretion of more than half.
Tyrosyl values paralleled these changes closely and are
th@refara not reperteﬁ; |

It may be pertinent at this point to show bh§ excretory
pattern of an snimal r&aaivimg extra tyrosine but no other
supplement. Although ﬁumsroua reports (see Eiatobical) have
agpaaréé indicating thﬁt metabolite excretion remains highb
in the absence of vitamin ¢ or other active supplement, one
such control is shawﬁ in Figure 2. ?hé‘exaret@ry values 3
remained high, particularly when eompm&eé wlith those recorded
in Table V1 after liver extract injection. The average of
each two~day period is recorded, rathsﬁ than 1ndiﬁidual daﬁa,
in order to ahew’a longer period on the graph. Thils animai
was malntained on the C-free basal diet plus extrs tyrosine
for 26 days. Whille the excretory vaiuaa fluctuated somewhat
toward the end of the experiment, the keto acid vgluea never

dropped below 30%. These fluctuations can be definitely



G.
pig
no. Wt.
gn.
26 350
22 450
35 530
38 330
Average
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Table VI

Keto Acld Excretion Before and After
Liver Extract Injection

Urinary excretion

Keto acid
baefore

meg .

270
343

~ 304

331

%

58.8
38.2
28.6
50.2

Keto acid
after
mg. %
131 18.2
92.5 10.0
196 18.5
100 17.3

D~

Per-
cent~

age de~

crease creasel

%

20.3
28.2
10.1
32.9

52.9
73.9
36.6
66.5

657.2

In-
jected®

ml.

1.0
1.0
1.0
1.0

lopeerease™ divided by "Keto acid before (£)" x 100,

2ne first 3 injections are Lilly No. 377 and the last
is Retloulogen No. 360.
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attributed to the varlation in food consumption which began
to appear when the vitamin C deflclency became acute. The
usual experiment lasted less than 10 days. It should be
noted that, in additlon to the factor of poor food consump-
tlon, if the room temperature accldentally dropped to
freezing or below for a perlod of several hours, the metabo-
lite excretion would decrease. Such experiments were
discarded.

Following the rather sharp decrsases obtained with the
1.0 ml. injections shown in Table VI, it was felt that even
greater éecraaséa in metabalita excretion could be obtained.
Vitemin C and foliec acid completely abolish metabolite
excretion if the dosage is large enough. However, with liver
extracts, as has been shown in Table IV, the larger dosages
seemed to produce a proportionately smeller effect. PFurther-
more, when more than 1.0 ml. was injected, toxic effects were
noted. Theae may have been due to the 0.5% phenol included
in these parenteral liver extracts as a preservative.

Therefore, s series of experiments were performed to
test the effect of consecutive injections on the level of
matabolite excretion. Two series of experiments were runi
consacutive dally injections and consecutive injections on
alternate days. These results are tsbulated in Table VII.
Both keto acld and tyrosyl metabollite excretion are given so

that comparison of these values may be made.
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Table VII

Metabolite Excretlion with Consdcutive
Liver Extract Injections

G{ pig

Keto acid Tyrosyl value In-
no. Day excreted excreted jected
ng. % mg. % ml.
26 1-2 122 17.6 192 26.4
3 270 58.6 4956 7O 1
4 131 is.2 222 50.8 1.0
& a08 44.0 582 80.3
6 322 46.0 569 8l.3 1.0
7 292 40,7 527 73.2
8 285 40.7 452 64,5 1.0
9 analysis omitted, poor food consumption
10 288 41.2 545 77.9
1l 217 31.0 366 52.3 1.0
12 268 38.3 517 73.9
13 288 42.4 517 76.0 1.0
14 302 43.2 531 75.9
15 384 54.9 641 81.7 1.0
16 348 49.8 630 90.0
31 14 187.1 18.3 221 22.5
5 325 54.6 411 43.8 2
6 149 15.9 1856 19.7 1.0
7 328 54.9 511 54.4 1.0
8 348 37.1 478 50.8 1.0
9 151 16.8 2156 23.9
10 234 26,0 554 39.4
11 228 25.4 360 40.0
12 222 26.4 333 39.7
{eontinued)

1111y wo. 377.
Reticulogen No. 360 plus 5 mg. CoS04+THy0 (Also see

2
Table XI1).
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Teble VIT (continued)

G. plg Keto acld Tyrosyl value in-
no. Day - exereted excreted Jjected
mg. % mg. % ml.
27 1 24,6 2.8 43.5 B.1
2 282 30.0 322  38.4 1
3 459 53.4 852 9.1 0.5
4 626  71.2 996 113 0.5
B 442 51l.4 - 720 83.8 2.0
6 479 55.%7 756 88,0 2.0
7 376 43.7 680 67.5 2.0
28 1 203 26,1 - 208 37.8 1
2 95.5 12.6 159 20.9 0.8
3 156 20.5 307 40.4 0.5
4 388 51.2 612 80.6 0.5
5 80.0 10.8 143 19.4 2.0
é 383 51.7 663 87.3 2.0
7 457 60.2 828 109 2.0
'8 471 62.0 829 109 2.0
17 1-5 23.0 3.0 66.0 8,5
& 229 29.4 396 50.8 2
v analysis omitted, animal ate poorly 0.7
8 - 21.6 2.9 58,9 7.9
9 237 2.1 370 50.0
10 306 41.5 520 70.4 1.0
11 324 43.8 584 76.0 1.0
i2 248 3345 521 70.5 1.0
13 226 30.8 471 63.7 1.0
14 186 24.8 414 54.5 1.0
15 274 6.1 480 63.2 1.0
16 282 36.2 560 72.0
T

Lilly No. L§=1002-20.
21111y No. 377.
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In contrast to the action of folic acid and vitamin C,
it was found that the first iInjection produced the greatest
decrease. The second Injection generally had no effect,
while further administration of these extracts resulted in
irregular decreases, none of which were as great as the
decreass in the Z24-hour period after the first injection.
Although no set of experiments wes performed to determine the
time Interval reguired for & second Injection to have as great
an effect as the first, & few observations Iindicated that the
refractory perlod lasted at least four or five days. In some
cases, there was a s8lizht decrease after the end of the
injection series. In all cases, however, the series of in-
Jectlions falled to produce the steady decline in metabollite
levels observed with the administration of vitamin C or folie
acild over a period of days.

The problem of completely abolishing metabolite excre~
tion with liver extracts remained unanswered. Furthermore,
some new guestions were raised. Was the refractory period
related to the depletion of some accessory factor by the first
injection? Why was there a slight decrease Iin metabolite
levels after a series of Injections was concluded? Evidently,
the response of the animal to liver extract was & complex
phenomenon, possible involving mobilizatlon from body stores
of unknown fsactors.

it became evident &t this time thet the response to
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these liver extracts was qulte different from the previously
reported type of response to viteamin € snd folle acid. It

was felt that any attempt to Investigate the nature of this
éifferanca was complicated by the faet that the liver extracts
were complex mixtures, which differed from bateh to batch and
changed as they aged; and that other factors, which were pres-
ent to a different extent in different animals, affected the
action of a glven injection.

For these reasons, two lines of investigation were
initiated: the first waes a study of the characteristics of
the active agant in these liver preparations, and the second
involved a study of factors which would enhance the action of
liver extrascts. An attempt to use a purified diet was part
of this second study., It was hoped that the clarification of
these two polnts would permit more control of the experimen-
tal factors and thus eliminate some of the discrepancies
previously noted. The results of these experiments are glven
in the next three sections,

However, the main purpose of the investigation was to
study the mechanism of action of the factor In these extracts,
snd the function of this factor In relation to the action of
vitamin ¢ and folle aclid., Therefore, the work on blood,
reported in the last section of the liver extract work, was

initiated in conjunction with these other studies.



S+ Characteristics of active agent

One of the first attempis to investigate the nature of
the active agent in liver extraeta involved the testing of &
liver dialyzatal. These preparations reactivated & dialyzed
brel contalning an enzyme system which oxldigzed tyrosine in
vitro. Their vitamin C content was quite low. A4s the
dialyzate was fractionated and the activity for the tyrosine
oxidizing system In vitro concentrated, some of the more
sotive fractions were tested for their ability to reduce the
tyrosyl metabolite excretion of the vitamin C-deficient
guines plg. Some of these dlalyzate iInjections, as shown in
Table VI1i, produced a consliderable drop in excretory levels.
Others had no effect. In many cases, however, the prepara-
tions had an irritating effect and the enimal ate poorly.
This might have been responsible for the decreases noted.
Therefore, it was decided to await further purification of
these dialyzates before additlional testing was done.

At the time this work was being done in 1948, the first
publications on vitamin Elﬁ were appearing. Since evidence
was avallable in this laboratory that the factor in these
antipernicious anemila liver extracts responsible for their
elinical sction was the factor responsible for the action
observed in our experiments, these publications were followed

in some detail.

lrhese dlalyzates were praparaa by Philip L. White.
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Table VIIZ

Keto Aclid Excretlion Before and After
Injection of Liver Dialyzates

Urinary excretion

p?é | Keto scid Keto acid De~ In-
no. Wt, before after crease  Jected
gm. mg. % mg. % 4 ml.
12 400 385 48.2 318 39.8 8.4 0.5%
13 290 274 47.3 214 36.9 10.4 1.0
14 370 326 44.0 420  58.3 +14.3% 0.5
15 400 350 43.8 411 54.2 +10.4 laﬁg
16 430 310 S6.1 60.0 7.0 29.1 1.0
18 410 302 36.8 63.0 7.7 29.1 2.0

1D1a1yzata No, 2-206B, equlvalent to 4 gm. of liver
per ml.

gﬁialyzata No. 2-208B, equivalent to 5 gm. of liver
per ml.

3?1ua sign Indicates an increased urinary excretion.
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The first informetion on the chemical characteristics
of vitamin Byp was reported by Smith (71). He noted that
bolling this factor with 1.0 N. hydrochlorie acld for one
hour did not inactivate the preparation. A sample of liver
extract Lilly No. 377, one of the more active extracts used
in this work, was treated in this manner, neutralized and
filtered. One sample so treated, equivalent to 1.0 ml. of
the original oxﬁract, when injected produced a keto acid
decrease from 32.2 to 14.9%; another, equivalent to 2.0 ml.
of the original, produced s decrease from 46.0 to 42.5%.
These results indicated that the acid treatment had not in-
activated the factor to any great extent and strengthened
the hypothesis that vitamin B,yp would possess activity in
reducing the tyrosine metabolite excretlion of the vitamin C-
deflcient guinea pig.

The direct testing of this hypothesis became possible
when a vitamin Byo concentrate was received. This was a
Merck product, called "Experimental Vitamin Byg Mixture,
8R3890," and containing vitamin By, concentrate, charcoal
and soybean flour. The concentration of the vitamin was
10.0 mg. in 2.27 gm. of the mixture. Information received
later stated that this mixture was a source of the pure
vitamin, uncontaminated by other liver factors.

The results of these feeding experiments with the vita-
min are reported in Teble IX. At the 20 ug. level, the
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decrease in metabolite excretion was greater than any pro-
duced with liver extract injections. Lower levels of the
vitamin had less effect. One experiment in which this con~
centrate was fed at the 10.0 ug. level for three successive
days resulted in the same small decreases observed with
liver extract after the first 24~hour perliod. The oral
administration of a large dose of Lilly No. 377, an active
liver extract when Iinjected, is included to show the inef-~
fectliveness of these extraects by this route. Vitamin Bl2
has been reported to have some effect when administered
orally to pernicious asnemia patients (82), in contrast to
the ineffectiveness of liver extracts by this route. This
difference is shown in these experiments also.

The great drop in metsbolite excretion at the Z20Mg.
level, as compared with 1.0 ml, of the best liver extracts
(recorded in Taeble VI), becomes more significant when the
vitamin Byo content of these liver extracts ls examined.
Elvehjem (103) has reported that 1 U. &. P, unit of Reticulo-
gen is approximetely equal to 1.0pg. of vitamin By, by
microbliological sssay. Thus 1.0 ml. of Lilly Ho. 377 should
contain 15-20 A g. of the vitamin, but the effect of this
amount of liver extract was much smaller than the effect of
that amount of the vitemin itself. The conclusion to be
drawn, that vitamin Byg accounted for the ectivity of these

liver extracte in reducing metabollite excretlion, must be
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Teble IX

Keto Acid Excretion Before and After
Feeding of Vitamin By,

- Urinary excretion Per-
G centage
pig Eeto acid Keto scid De~ de~ _ Amoun
no.  Wt. before after crease creasel fed
egm. mg. % mg. % % W g,

16 480 197 20.5 345  35.2 +14.7 +71.7% 5.0
15 440 366 40.4 362 42,1 + 1.7 4 4.2 10.0
24 500 250 25.0 209  21.4 3.6  14.4 10.2
18 470 216 23.5  32.4 3.4  20.1  85.6 20.0

25 470 340 36.2 378  40.2 4 4.0 +11.0  5.0m’

i”neareasa“ divided by "Keto mcld before (%)" x 100.

ﬁﬁed vitamin By, concentrate containing 10.0 g. per
2.27 gm. plus charcoal and soybean flour.
3Livar extract Lilly No. 377.

4?1us 8ign indlcates an increased urinary excretion.
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quallfied, since no further experiments with thies concentrate
were performed. The soybean flour and charcoel introduced
unknown factors into the diet, and 1t was felt that the
crystalline vitamin would soon become available, For example,
it 18 quite possible thaﬁ the protein level of the diet is
import&nt in the action of vitamin By and the soybean flour
increased this considerably. Work with crystalline vitamin
Byp was undertaken by others in this laboratory when it
became svailable, and its aoctivity in the gulnea pig was con-
firmedl, but 1ts actlon at the 20 Mg. level was not nearly

so great as that reported here. The question of whethér
vitamin 512 sccounts for all of the sotivity of liver extract

has not yet been answered.
4., Liver extract in conjunction with other factors

The two factors which had been shown to act in tyrosine
metabolism, In addlition to liver extracts, were folic acid
and vitamin C. Small amounts of these in the natural diet
used or different storage levels Iin the experimental animals
might account for some of the variabillity observed in the
response to liver extract. It was planned, therefore, to
include these at s constant level in the diet, but in small
amounts so that the animal excreted the usual high percentage

of metabolites., At this polint, liver extract would be

1Sealoek, K. R., and Wu, M. C. Unpublished data.



administered. Two such experiments, in which the animal
received 1.0 mg. of vitamin C daily, are reported in Table X
and Figure 3. Also included in this table is an experiment
in whieh 1.0 mg. of cobalt chloride was administered with
each liver extract injection. This experiment was done after
the report appeared that vitamin BlE was a cobalt complex
(70). It was hoped that the cobalt chloride would result in
an increassed amount of liver extract activity.

As shown in Table X, the action of the liver extract was
enhanced by the addition of 1.0 mg. of vitamin € dally. Not
only were the decreases In metabolite excretion high, but
there was & responsé to the second liver extraect injection.
Despite the continuation of the vitemin C, when the injections
were concluded the metabolite exeretion rose. Further cone
firmation of this action of vitamin C in enhancing the effect
of liver extract is given in Figure 3. This experiment is
reportaﬁ 1n detall because of the spectacular decrease to
2.65% keto mcid exeretion under the influence of daily
injections of Reticulogen. Finally, however, the excretion
level rose despite further iInjections. The experiment was
continued in order to observe the effect of the vitamin C
alone. Sealock and Silberstein (43) have reported thet 1.0
mg. of the vitamin may cause some decreases In metabolite
levels. This was shown to be the casge in this experiment on

the l4th and 15th days (Figure 3).
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Table X

Effect of Various Accessory Factors
on Liver Extract Activity

G. pig Eeto acld In-
no. wt. Day excretion Jected
gm. mg. % ml.
22 470 1-3 104 11.0%
450 4 343 38.2
460 5 92.5 10.0 1.0%
450 6 450 50.0
440 " 159 18,1 1.0
440 8 211 24,0 1.0
440 9 142 16.2 1.0
440 10 411 46.7
23 445 1-5 74.2 8.2
460 6 353 38.4
460 7 267 29.0 1.0°
480 8 189 20.6
450 9 325 36.2 1.0
440 10 331 37.7 1.0
460 1 368 40.1

lﬁnimal fed 1.0 mg, vitamin ¢ daily.
ELiver extract Lilly No. 377, 15 units per ml.
ELiver extract Lilly No. 377 plus 1 mg. CoClgy-6HgO.
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Xtiwas therefore concluded that carefully controlled
experiments, using smsller amounts of vitemin ¢, weuid have
to be run before any conclusions regarding a vitamin C-liver
extract synergism could be made. It was decided that crystsl-
line vitamin 312 ought to be used for this work in order to
minimize the ﬁumber of varlable factors. Therefore, no
further experpments with vitamin C, and none with folic acid,
were run. ,

The raaul;a with cobalt chloride, reported in Table X,
show no enhancement of liver extract action when 1.0 mg. of

this compound was Injected along with the liver preparation.
5. Use of purified dlet

The problems involved in the use of a purlfied diet and
the utility of this type of ration have been discussed In
the Historical section. It was hoped that the exact control
of vitamin and other constituents, which was possible with
this dilet, would permit more exact Inveatligetion of the
various factors active in tyrosine metabolism. The basal
diet used was & combinatlion of those reported by Elvehjem
(146) and Woolley and Sprince (144).

This was composed of 20% vitamin-free casein (Labco),
154 Cellu flour, 54.8% sucrose, 1% sucrose containing B
vitamins, 4% corn oil (Mazola) fortified with fat-soluble
vitamins, 6% salt mix, and 0.2% choline chloride. All but
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one of these constltuents were carefully ground‘togathar in
a mortar. The corn oll was added last and incorporated by
mixing in an evaporating dish, since the mortar would absorb
some of the oill. After mixing, the diet was stored in the
cold in a brown bottle to minimize the action of light on
some of the vitamins.

The B vitamin mix was made from 17.23 gm. of sucrose,
2.00 gm. of Inositol, 0.40 gm. of nicotinie acid, 0.20 gm. of
Eeaminebanzaia acid, 0.10 gm. of calcium pantothenate, 0.03
gm. of riboflavin, 0,02 gm. of pyridoxine and 0.02 gm. of -
thiamine., For short-time experiments 1t was felt that the
‘lack of biotin would have no harmful effects., Vitamin C,
follc acid and vitamin B, were added to the dlet only during
the experimental periods as will be described. The constitu-
"ents of the mix were weighed out, transferred to an evapora-
ting dish and folded together, then ground lightly until
thoroughly mixed,

The salt mixture was the one used by Elvehjem (146) and
was originally prepared by Hart (160) as part of a ration
for white rats. The salts used were C. P. or Reagent grade
obtained from stock. To prevent caking, the highly hydrated
constituents were ground in a mortar and then added to the
others which had previously been ground in a ball mill.

| The cofn 0il wag made up in 400 gm. batches and each
4 gm. contained 2000 U.S.P. units of vitamin A, 100 U.S.P.



units of vitamin D, 10 mg. of alpha-tocopherol and 0.l mg. of
vitamin K (2-methyl=3-phytyl=-l,4-naphthoquinone). This
mixture was kept in the cold to prevent rancidity.

The animals on the natural stock diet were transferred
to this purified diet, over & period of seven days usually,
by feeding a mixture of the two dlets and gradually increas-
ing the proportion of purified diet. Vitamin ¢ was sdmin~
lstered orally during this period, but not during the
experimental periocd. If this transition period was not ob-
served, the animals showed signs of polyuria and dlarrhea.
Even at the cencluaimnbaf thls perioed, however, and
throughout the experiment a smell ameunt of the stock dilet
(about 5% of the total diet fed) had to be placed on top of
the foed to induce tha animals to eat. The tyrosine was
incorporated with the basal diet at the 10% level, and the
experimental procedure was the same as that described
previously.

The main difficulty with the diet was 1its lack of pala-
tebility. Some animals would eat for a few days and then
refuse the diet. These results were comparable to those ob-
teined by Elvehjem (146) using & similar bagal ration. The
experiments reported in thias section and the first two
isotope experiments were successful in that the food intake
was falrly consistent from day to day. This could not be

predicted, however, and several experiments were started and
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then discarded when the animals faliled to eat for a day.
Therefore, the remalnder of the isotope experiments were run
using the ususal Purina chow diet.

Attempts were made to improve the palatablility of the
purified diet by increasing the roughage from 15 to 25%, by
reducing the choline content from 0.3 to 0,1%, by decreasing
the salt mixture concentration from 5.0 to 4.0%, by using an
Osborne-Mendel salt mix in place of the Hart mixture, by
including folic acid In the basal diet, by substituting glu-
cose for one half of the sucrose, and by adding the ash from
30 gm. of Purina chow to 100 gm. of purified diet. This last
addition had been suggested by ElvehjJem (146). None of these
expedlente resulted in any detectable improvement in food
consumption and the original diet, as outlined previously,
was filnally adopted.

The experiments using this purified diet were designed
to examine the decreases in metabolite excretion upon admin-
istration of the three factors which had been connected with
tyrosine metabolism. The results are shown in Table XI.
Vitamin ¢ and folic acid produced the expected decresses in
metabolite excretion. Only keto acid figures are reported,
since as usual the tyrosyl values paralleled these. However,
liver exhract‘injaations failed to produce any decrease Iin
metabolite levels. This was surprising and the only explana-

tion advanced was that folic acid or ascorbic acid (not



present in this diet) might be necessary for liver extract
activity. Further investigations of the action of liver
extract using the purified basal diet, both with and without
folic acid, are sevidently necessary. These were postponed un-
til a more satlsfactory purified diet had been evolved.

The adequacy of the dlet when 1t was consumed is shown
by the small welght losses, similar to those on the Purina
chow dlet, observed during the experimental period. The
small weight loss was noted even when the experiment lasted
15 days (Table XI, animal 41). The food intake was lower
than the 20 to 30 gm. per day for a 350 gm. animal observed
in experiments using the natural diet. This was probably
due to the better nutritive value of the protein (casein) in
the purified diet. This idea 1s supported by the small
amount of fecal matter excreted on this diet and the lower
total nitrogen content (to be reported in Section B) of the
urine, indicating more efflicient utilization of the ingested
food.

It will be noted that the oral administration of folle
acid produced a drop 1n’metaholita excretion on the third day
after administration, while the subecutaneous injection pro-
duced its effect in the next 24-hour period (Table XI,
enimale 49 and 53). A similar difference between these routes
of administration was observed when Purina chow wes used as

the basal diet (to be reported in Section B).



pig
no.

41

42

Table XI

Keto Acld Execretlion of Guinea Plgs on a Purifiled
Diet Plus Varlous Supplements

wt.

410
580
380

380
380
380
370
370
&70
370

405
400
400

400
390

Food

intake

135.4
16.6
12.4

17.0
21.3
£0.8

22.6
22.5
19.8

24.4
21.2

16,7
17.5
15.0

17.4
19.6

Keto acid
Day excreted
mE . %
1.2 171 20,9
3 140 18.4
4 480& 601
5 29.2 3.9
] 264 33.5
7-9 176.8 23.1
10 lost by error
11 401 54.2
12 120 16.2
13 49.2 6.7
14«15 329 44.5
1-4 120 15.0
b 238 29.8
6 128 18.0
7 40.0 5.0
8-9 41.0 5.3
(continued)

1

Supple~
ment Amount
ME«

Vita- 20.0
min ¢l

Vita~ 2500
min C

Vita« 20.0
min C

Administered orsally &s a suspension in water.



pig
no.

45

49

b3S

Wt.

gm.

340
3560
560
330
330
330
320
320
320
520
320

270
270
270

270

Food
intake

gmo

10.0
8.5
11.7

1l.1

10.0

Table XI (continued)

Day

7

Intraperitoneally.

Keto acid

excreted

mE. %
94.9 13.8
199 28,5
297 42.5
356 51.0
334 50.6
319 48.3
149 2%.3
236 36.9
203 31.7
200 313
41.6 6.5
83.4 15.5
246 45.6
15.4 2.9
_12.3 2.3

lLiver extract Ketilculogen No. 360,

Supple-
ment Amount
mg.
Reticu~ 1.0 ml,
logen
Hetiou~ 1.0 ml.
logen
HReticu~ 1.0 ml.
logen
Folic acid® 15.0
orally
Foliec acld 15.0
gsubcutane~
ously
Injected

zwha vitamin was suspended in 0.3 ml. of HoO, then 0.4 ml.

of 0,1 N. NaOH plus 0.5 ml., of phosphate buffer, pH 7.2, plus
0.4 ml., of 0.1 N, HCl were added in that order.
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After the completion of experiments using this diet,
Elvehjem (147) described a modification of the diet, which
proved aatiaf&ctary. It was similar to the basal ration used
ip these sxperimegta axeept for the addition of 2.5% potas-
sium acetate and 0.5%¢ magnesium akida. A preliminary test in
this 1abaratery1, using two animals, indicated that this diet
was eaten by gulnea pligs as well as the atock dlet and no
fluetuations in fuéé cunsu&ption wére nbaerﬁad.

Since administration of vitamin C end follec acid had
produced aonaiﬁarabiéfdacreaaea in’metabalite excretion on
this dlet, two isotope experiments (reported in Section B)
were run. However, the vafi&bility in foad aanaumptimn which
made soﬁa experiments useless precluded the wide use of this
purified diet. These problems may‘disappeaf with the more
recently reported dlet and its use, therefore, is indlcated
for further 1aatope}experhmen€a and for the study of the

action of liver oxtraét and accessory factors.
6. Effects on blood conatituents

The reported sxuretioﬁ of tyrosine metabolites in per-
‘niclous anemia (54), coupled with the fact that antipernicious
anemia liver extracts were active In decreasing tyrosine
metabolite exoretion in the scorbutic guinea pig (55), sug-

gested some connectlon between blood formatlion and the

1Sealock, R. B., &and Wu, M., C. Unpublished data.
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actlion of liver extract on tyrosine metabolism. The fact
that liver extracts did not affect the oxidation of tyrosine
in vitro (65) as did folic acid (121) and vitamin C (49),
plus the differences between the action of these vitamins and
liver extract in vivo reported here, further strengthened the
concept of a blood formatlion-tyrosine relationship.

To test this hypothesls it was proposed to examine blood
constituents under a series of experimental conditions which
produced decreases In tyrosine metabolite excretion and see
whether any correlation existed. The converse experiment,
where blood constltuents were varied experimentally and the
effect on metabolite excretion determined, wes alsoc planned.
If a relationship between blood formation and the tyrosine-
liver extract interaction could be demonatrated, 1t would be
evidence that the tyrosine metabolites, which disappsared
from the urine when liver extract was injected, represented
the incorporation of tyrosine Iinto scome blood constituent.

The red blood cell count, hemoglobin and total nitrogen
determinations were selected for study under the various
experimental conditions. The problem of obtaining blood
samples from the same animal several times without producing
harmful effects appeared serlious until it was found that the
arterioles which ran along the outer edges of the animals’
ears could be used. The ears were shaved, blood circulation

increased by gentle rubbing and the use of xylene, and the
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vessel nicked with a sharp razor. The first few drops were
wiped away and discarded, and then three samples were drawn
directly into pipettes. The procedure had to be rapid to
prevent clotting.

Tuplicate 0.02 ml. samples for hemoglobin determinations
were drawn into diluting pipettes and then dlluted to 5.02 ml.
with 0.1 N. hydrochloric acid., After mixing, the samples
were transferred to colorimeter tubes, which were matched so
that they could be read directly in the Klett-Summerson
photoselectric colorimeter, in order to avoid transfers with
the small volumes available. The samples were read ageinst
distilled water as a blank, using the KS5-~-52 fillter after
standing for 30 minutes. This modification of the acid
hematin method (161) requires standardization of the colorime-
ter using blood samples whose hemoglobin content has been
obtained by some independent method. This was not done, and
hence colorimeter readings only were determined. These
permitted comparisons to be msde, however.

For determination of total nitrogen, it was convenient to
pipette 4.0 ml. of the solution used for the hemoglobin
determination into miaro~ﬁjalﬁahl flasks. The solutions were
then digested and distilled, and titrated with 0.0l N.
hydrochloric acid. |

The red blood cell count was determined on & third blood

sample which was drawn into & Trenner pipette and dlluted
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with Hayem's solution (162)., Pipettes and the "bright-line"
counting chamber used were Hational Bureau of Standards
tested instruments. Red blood cell counts are often inaccu-
rate when done by Iinexperlenced personnel. Kesults on seven
normal guilnea pigs (at the start of various experiments)
showed an average red blood cell count of 6.09 million per
cu, mm. with a range of 5.45 to 6.93 million. One other
animal had a count of 8.19 million, probably the result of
some pathological condition. Wintrobe (163) has reported the
red blood cell count of the guinea pig to be 5.75 million per
cu. mm, with a8 range of 5.37 to 6,05 million. Our results
were slightly high and more variable. However, it was felt
ﬁhat these results were good, consldering the difficulties
under which the blood samples were drawn. The range repre-
sents Individual variation, since repeat determinstions on
the same animal shcweavmuch closer agreement,

The first group of experiments consisted of a study of
the three blood values described above with five animals.
One of these was placed on the vitamin C~deficlent dlet plus
extra tyrosine {(guilnea pig no. 43), another recelved liver
extract injections but no extra tyrosine (gulnea pig no. 37),
while three animals recelved liver extract injectlons in
addition to the tyrosine supplement (guinea pigs nos. 29, 35,
and 38). PBlood analyses were made at appropriate intervals

during & 20-day period in most cases. The tyroasine
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supplement was administered in the usual manner. Each

liver extract injection consisted of 1.0 ml. of Reticulogen.

Flgures 4 and 5 show the fluctuations in red blood
cell counts of these animals. The animal receiving tyrosine
only (Figure 5) had a red blood cell count which decreased
steadily. The addition of liver extract to this diet
(Figure 4) seemed to result in a temporary drop in the red
blood cell count, but at the end of the axperimant the
values were higher than at the start in all three casss.
The anlmal receiving liver extract but no tyrosine (Figure 5)
elso showed an Iincrease in the red blood cell count. If any
conclusion at all can be drawn from these results, 1t would
be that tyrosine fed to the vitamin C-deficient guinea pilg
decreases the red blood cell count, and the effect of liver
extract would only be to remove this inhibition, since the
increase with liver extract in the absence of tyrosine was
camparable to the increase with liver extract when tyrosine
was present. These results must be considered inconclusive

in view of the variability observed,
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The total nitrogen determinations on these five animals
are shown in Figures 6 and 7. It i1s evident that no asig-
niflcant changes in the blood nitrogen ocourred under these
condlitions,., Hemoglobin values paraslleled the total nitrogen
values very clossly and are not reported.

The metabolite excretion values of these animals were
those which would be predicted under the experimental con-
ditions, The animal which received no tyrosine (guinea pig
no. 37) exoreted practicelly no tyrosine metabolites. The
animal receiving tyrosine but no liver extract (guinea pig
no, 43) maintained a high level of exeretion throughout
the experiment (Figmre 2). The changes in excretlion levels
of the animals on tyrosine with liver extract injection
were similar to those previously reported. The data for one
of these animals (guinea pig no. 38) are reported in

Flgure 3.

These experiments seemed to Iindicate that increases in
red blood cells might be correlated with decreases in
metabolite exermtiéh. No clear-cut evidence was obtained,
however. It was felt that one factor which may have pre-
vented more successful experiments was the Initlsl red blood
cell count, which was normel. Any attempts to incresse the
red cell count would be operating in opposition to the

tendency to remain at the normal level.
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Therefore, 1t seemed advisable to study tyrosine-~liver extract
interecetion under adnﬁitiéﬂm where rapid red blood cell
formation was occurring.

Cobalt polycythemis was Qha type of blood change which
met this requirement. Orten (164) has described this condi-
tion as the result of a true stimulus to red blood cell
production. Injection of 10 mg. of cobalt sulfate daily to
rabbits (165) has been reported to produce an inorease in
red blood cells of 1.5 to 2.5 million per cu. »m. &t the end
of 7 days., Hemoglobin values &lso rose., The mechanism of
this cobalt action on red blood cells has not been definitely
established. Only one report on cobalt polycythemia In
guines pigs which gave the level of cobalt used was found in
the literature. Sutter (166), using & total dose of 2 mg.
of cobalt per 10 gm. of body weight (compound not stated),
produced increases of 0.5 to 4.0 million red blood cells per
cu. mm, in guinea pigs. These amounts of cobalt were close
to the toxic level.

For our experiments, two animals were originally
started at a level of 2.0 mg. of cobalt sulfate heptahydrate
per day. When this falled to produce a definite polycythemia,
three animals were started receiving 10 mg. per day for five
days and then b6 mg. per day during the experimental period.
Only one successful experiment was obtained, since one animal

died and the other refused to to eat. GSevere weight losses



were observed In all the experiments, The dalily dose of
cobalt sulfate heptahydrate was dissolved in water so that,
after neutralization to pH 7.0, it wes contained in a volume
of 1.0 ml. Administration was subouteneous by hypodermic or
oral by plpette, as noted.

The results of the three completed experiments, recorded
in Table XII, indiceted that cobalt aéministration did change
metabolite excretion. Increases in red blood cell counts
took place in two of the animals, but no chenges in total
blood nitrogen were noted. Hemoglobin values did not change
‘and are not reported. The levels of metabolite excretion
fell prior to the injection of liver extracts and failed to
reach the usual levels, even after 17 days of tyrosine feed-
ing in the case of the enimal with the greatest degree of
polyeythemia (guinea pig no. 31, Table XII). Decreases in
- metabolite excretion prior to injection are almost never
observed and usually after injections cease, the metabolite
excretion level rises sharply (Table VII and Figures 1, 2,
and 3). 'The metabolite excretion pattern reported in
Table XII thus differed sharply from that observed under
these conditions in the absence of cobalt.

The liver extract injections produced smaller decreases
than usual. Therefore, if the decrease in excretory values
resulting from cobalt administration is connected with the

incresased blood formation observed, it would appear that the



Table XII

Blood and Urinary Changes of Guinea Pigs
Receiving Extra Cobalt

G.
pig ' ?
no. Day Total-N R. B. C.
. C milli
en % @@% au;ogg.
31 0 3.42 6;Q$1
7 3.55 7.15
8 . :
9
10
11
12 3.44 7.13
13 :
34 0 3.26 e,oal
7 3.30 8.02
8
9
10
11 3.23 5.76
12
13
{continued)
1

dnimal on vitamin C-free basal diet plus 2.0 mg.

- mg.

Keto acid

excretion

%
200 1856
464 42.9
%88 36.9
402 36.5
383 35.0
- 455 41.4
245 31.4
36 B32.9
628 58.0
83 50,0
450 41.7
363 387
376 35.5
367 34.8

In~

- Jected

ml.

1.0%

1.0

CoB804+THo0 in 0.1% glucose, orally, each day for 6 days prlor

to tyrosine.

2Liver extract Llilly No. 377,

Cobalt continued during experimental.
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Table XII (continued)

G. ,
plg Keto acid
no. Day Total-N Re B. C. ~excretion
. 1llions .
en % p@? CUe« gm » ne %
31 5 3.62 7.261
6 = 3.786 7.82 84.6 8.6
Vi , 228 23.3
8 201  20.7
9 145 15.4
10 325 34.6
11 ' : 149 15.9
12 3.58 9.64 328  34.9
13 348 37.1
14 151 16.8
15 234 26.0
16 | ' 228 26,4
17 3.40 8.27 222 26.4
T

half this amount of cobalt during experimental.

2liver extract Reticulogen No. 360.

In-
Jected

ml.

Animal on stock dlet plus 10 mg. CoS0,.7Hy0, subcutane-

ously, each day for 5 days prior to tyrosine. Received one
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"vitamin factors" necessary for the transformation involved
are present in the animal. It would be of interest to per-
form this type of experiment on an animal which had been

depleted of vitamin Bzz*

The results, then, of these studies on blood constitu-~
ents, suggested that some relationship existed between
tyrosine metabolism and red blood cell formation, and thet
liver extract played some part In this relationship. The
evidence obtained In these few experiments, however, does
not warrant any definite conclusions, but serves as a gulde
to further inveatigation.

The toxiclity observed with cobalt administration sug-
gested that some other means of Inducing red blood ocell
formation be utilized for future work. Phenylhydrazine-
induéed anemla experiments were planned., It was realized
that even if the results obtained were conclusive, the exact
mechanism of the‘ralationship between tyrosine and blood
formation could not be obtained from these studiea. However,
4f these studles were done with lsotopleally labelled
tyrosine 1t would be possible to determine whether tyrosine
was actually belng incorporated into some blood constituent
or whether the relstionship wess indirect. Since isotope
studles were being initlated as a part of the comprehensive.
investigation of all thfee factors now known to affect

tyrosine metabolism, further blood studies were postponed
until they could be included in the isotope program.



B. Experiments Using 515~L~Tyraaina
l. Methods

The general plan of these experiments involved the
feeding of extra tyresige to the vitamin C-deficient guinea
pig in the usual manner. When metabolite excretion became
high, vitemin supplementation was started, and under the in-
fluence of the vitamin, the tyrosine metabolites were removed
from the urine. During the supplementation period, the iso-
topic L-tyrosine was fed. After 24 or 48 hours the animal
was kllled and isotope analyses made.

Supplementation with either vitamin C or foliec acid
removed tyrosine metabolites from the urine. By marking the
tyrosine molecule, 1t was hoped that information would be
obtained concerning the fate of the tyrosine under the influ-
ence of each vitamin, what compounds were formed from the
tyrosine molecule, and whether the action of these two vita-
ming differed. ILater, when some of the difficulties pre-
viously noted had been removed, the action of liver extracts
would slso be studied.

The L-tyrosine used in these experiments was marked with
K15 in the amino group. BSince evidence had appeared impli-
cating both vitamin ¢ and folic scid in the catabolism of
tyrosine, our main interest here was to study the various

urinary fractions and determine the distribution of the N19



- 99 -

in control animals, animals recelving vitemin ¢, and animals
receliving folie acid., Feces, Intestinal gcontents and uneaten
food were also analyzed so that an accounting could be made
of all of the isotoplc tyrosine. Blood snd carcasses were
frozen and saved for future analyses.

The L~tyrosine used was aynthesizeal from Esstman Kodak
ammonium nitrate containing 7.12 atoms ¥ excess N5, ne
synthetic procedure (167) involved the Erlenmeyer aszlactone
synthesis, ring opening by acetone and water hydrolysis, acid
hydrolysis to obtaln the g~hydroxyphenylpyruvio acid, and
catalytic hydrogenation of the carbonyl group in the presence
of isotopic ammonie to obtein the DL-amino acld. The N-acetyl
derivative of the racemlic amino acid was resolved with D~
phenylethylamine in order to isolate the isotopic L-tyrosine.

After feeding of the isotople tyrosine, 24-hour urine
samples were collected and the usual snalyses for tyrosyl
value and keto acid were run. At the conclusion of the
experiment, the snimal was stunned by & blow on the head, the
throat was severed and blood collected in oxalate. The red
cells were separated by centrifugation with the addition of
0.9% saline. Red cells and plasma, after aeparatian,‘wsre
diluted with water plus one drop of conecentrated hydrochloric |

acid to a final volume of 50 ml. and stored in the cold.

180me of these experiments were performed in cooperation
wigh Dr. Ralph K. Barclay, who synthesized and resoclved the
N*°-L-tyrosine used, and oxldized some ammonla samples to
nitrogen for mass spectrometer analysis.
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The intestines were removed at once and the contents washed
out. The intestinal cnntsntavand uneaten food plus feces
were transferred to separate 500 ml. macro-Kjeldahl flasks
and digested in the usuel manner. About 60 ml. of nitrogen~
fres, cohcentrated sulfurie acld was raquired’for each flaak.
mhe digested samples were tranafarred to 100 ml. volumetric
flasks, dilutad to vol@ma, end alligquots were distilled 6ver
in the micro-Kjeldahl stlll into boric acld. These were
titrated and the ammonisa aamplés then éaved fcr isotope
analysis.

The 24~-hour urine samples were diluted to 100 ml.,  Dupll-
cate 1 ml. aliquots were used for determination of total
hitragen by the mlcro~£361dah1 method., The ammonia samples
ebtained waﬁe aaéed for isotope snalysis. Duplicate 3 ml.
aliquots were used for the urea anﬁlyaie by & modification
of the standard urééae asration method (168). The usual five~
tubé”aeratien train with the addition of a small separatory
funnel in tuba# E‘and 4 was used for thié determination. Ten
ml. of boric acid was placed in tubes 3 and 5. Tube 1 con-
teined 6 N. auifuriayacid to remove ény ammonis present in
the air. The 3 ml. mrine aligquots were pipetted into tubes
2 and 4. Two drops of bremthymol blue and 1 drop of phenol~-
phthalein were added as indicators plus 2 ml. of 0.2 N. phos-~
phate buffer, pH 6.5. The system was closed and gentle

suctlion started. By means of the separatory funnel, one
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urease tablet (Urease Dunning, 25 mg. tablet, Hynson,
Westeott and Dunning, Baltimore, Md.) ground up in 5 ml. of
the phosphate buffer was added to each sample. The funnels
were washed down with water so thet the final volume in each
sample tube was approximately 20 ml. The enzyme was allowed
to act for two hours at room temperature during ﬁhich period
the slight aseration provided stirring. The ammonia liberated
by the enzyme actlon should turn the indlcator a yellow-green
color, indicating a pH of 7.0, essential for rapid urease
action. |

At the conclusion of the period, the solutions were
made Just basic to phenclphthalein with 0.1 N. sodium hydrox-
ide added by means of the separatory funnels. Gentle suctlon
was applied st the start and more vigorous seration after the
first hour. Capryl alcohol was added as needed. The aera-
tion periocd lested a minimum of four hours. It was found
that if the aeration were too vigorous, ammonia losses occurred.
When aeration wes complete, the boric aclid in the traps was
titrated with 0.1 N. hydrochloric acid and the solutions
saved for isotope analysis.

It should be noted that this procedure would carry over
any ammonle originally present in the urine. However,
repeated aeration tests with this size urine saemple faliled to
show any detectable amount of ammonie as such. It ls well

known that the urine of herblverous animsls contains a very
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low percentage of ammonis. Some smmonis was recovered when
40 to 50 ml. samples of urine were made just alkaline to
phenolphthalein and aerated for five hours. These results
will be reported Iin the next section.

The residues which remained in the tubes, after the re-
moval of the ammonie derived from urea, were madé acid. They
were then transferred quantitatlvely, in portions, to micro-
Kjeldahl flasks to which one drop of nitrogen-~free concentrated
sulfuric acid had been added., Each portion was bolled down
to a small volume over s small flame before the next was
added. The usual mierowkjeldahl digestion and distillation
proeeaure was falimwed when the transfer was completed. The
titrated ammonia samples were saved for isotope analyaia.
Blank determinations, using 3 ml. of distilled water, a
urease tablet and the other constituents of the sample tubes,
were run in order to determine the amount of the residual
nitrogen not derived from the urine itself.

The ammonla samples from all of the determinations were
made just acid to Congo red with one drop of concentrated
hydrochloric scid and stored. This acidity was sultable for
conversion of the ammonias samples to nitrogen gas, in which
form these samples would be analyzed in the maas spectrometer.
The oxidation procedure used was the method described by
Rittenberg (169). The ammonium salts obtained from the
Kjeldahl distillation were oxidized with alkaline hypobromite,
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according to the following reactions

Z0Br~ + 21331614‘" + 20H " ceer Ny + BH,0 + 3Br-

If the solution is too acid, the following undesirable side

reaction may occur:

Br~ ¢+ OBr~ + 2Bt s Hp0 + Brg

The apparatus used for oxidizing the ammonia samples and
collecting the nitrogen gas is shown in Figure 8. "A" is a
50-ml. Erlenmeyer flask with a bent neck attached and a
ground-glass joint on the neck. "B" and "C" are fused to-
gether and have ground-glass fittings at each end. "B" is a
50~-ml. round-bottomed flask, and "C" i1s a trap. "E" is a
ground-glass stopcock which ls interposed between the system
and the mechanical and mercury diffusion pumps, which are
used to evacuate the system., The right side of the apparatus
is a Toeppler pump, consisting of a 250-ml. bulb, "J%, with
10-mm. glass tubing fused on opposite sides. The bottom
tubing extends down into "H", a 500-ml. filter flask contain-
ing 350 ml. of redistilled mercury and having a three-way
stopcock, "D", fused onto the sidearm. The upper btubing from
”J“ leads to the three-way stopcock, "F", and a ground-glass
joint into which the gas-collecting bulb, "G", fits. This
collecting bulb 1is a 15-ml. bulb fused to & stopcock with a
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FIG. 8 APPARATUS FOR COLLECTION OF NITROGEN GAS.
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ground-glass joint., This Joint also fits the Inlet system of
the mass spectrometer. The distance from the bottom of "H"
to the top of "G" 1 70 cm., 50 that when the system is fully
evaeﬁateé'and then air is admitted through "D", the mercury
will rise to the top of the gas bulb. A Dewar flask contain-
ing alcohol and dry ice is placed eround trap "C".
 The following procedure was used when operating the

apparatus. The gas bulb, "G" was lubricatedl and placed in
position. The Kjeldahl distlllate, bolled down ﬁo a volumse
of 3 to 4 ml., was transferred to the flask "B". This
tfansfer need not be quantitative since 1t 1s the ratio of
Hgg to Nge which is being determined. The joint at "C" was
greased and put in place and the alcohol-dry ice bath raised
around 1t. , |

Five ml. of diluted sodium hypobromite (stock solution
diluted 1:1 with water) was pipattad into flask "A" and this
was then greased and placed in the downward position.

The stock sclutlion of hypobromite was made by dissolving
200 gm. of sodium hydroxlde pellets in 300 ml. of water. One
half of the solution was cooled in ice and 60 ml. of bromine
added over a lO0-minute period, with stirring. The other one
"half of the alkalil was then added. After two days in the
cold, the sodium bromide precipitate which had formed was

1a special lubricating gremsse which minimized alr leakage
was used. This grease was Aplezon N, purchased from James G.
Biddle Co., 1316 Arch St., Philadelphia, Pa.
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flltered off through an asbestos mat. The filtrate was
stored in the cold and was stable for months. This stock
solution was diluted 1l:1 with water just before use.

When the procedure cited above was completed, stopcock
"E" was opened and the system evacuated by means of a Cenco
Hi-vac mechanical pump and a mercury diffusion pump. The
mercury in "H" rises as the system evacuates. This was pre-
vented by atarting the water pump with stopcock "D" turned to
position "Dl“. tthen the pressure became low, the solutions
in "A" and "B" degassed and "B" froze. The vigor with which
these changes occurred was controlled by opening or closing
stopcock "E", '

The degree of evacuation was determined by turning stop-
cock "F" to position "Fo" and admitting air into "E" by
returning the stopcoeck to position "D"., If the system 1s
fully avaauated, the mercury should rise to the top of the
gas bulb "G". In practice, the usual vacuum attained left a
small disc of air, about the size of a thumb tack, in the gas
bulb. This contamination could be measured and easily cor-
rected for in the isotope calculations.

When the system had been satlsfactorily evacuated as
shown by this test, the mercury was drawn back into "H" by
turning its stopcock to position “Bf. Stopcock "F" was left
at position “Fg", stopcock "E" was closed and the hypobromite
sélution poured into "B" by turning the flask to position "Ay"
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The mixture in "B" was then heated gently. The resction in
"BY may be considered complete when all the ice has melted
and ebullition has ceased. When the reaction was completed,
the gas was introduced into "J" by turning the stopcock "rF"
to position "Fl“. Then, by turning to position “Fz” and
introducing air into the system at "H" (position "D"), the
nitrogen gas was moved up into the gas bulb "G" by the rising
" mercury., The stopcock at "G" was then closed and the stop-
cock at "F" opened to that position. The system was then
cautiously returned to atmospheric pressure by simultaneously
opening "E" and "D".

Care must be taken to admit alr to all parts of the
apparatus between samples to prevent a carry-over of isotope
to the next sample. The various parts were then removed,
rinsed with distilled water and the grease removed from the
joints wilth carbon tetrachloride. It was not found necessary
to dry the parts thoroughly between samples. The complete
oxidation of a sample took about 30 minutes. The samples in
the gas bulbs were analyzed in the mass spectrometer as soon
as possible. BStorage for more than 12 hours should be
avolded.

The mass spectrometer used for these analyses was con-

structed here at the Institute for Atomile Raaearahl.

1The'writar is indebted to ¥r. Harry J. Svec of the
Institute for Atomic Research, who constructed the mass spec-
trometer and led him through the intricscles of its
operation,
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It was the 60-degree, sector-type instrument with two collec-
tors, the currents of which were balanced against each other
in the usual analysis. These features produced 2 machine
which could detect a 0.3% difference in isotope ratios.
Standard samples of tank nitrogen were run before and after
each series of unknown samples to check the operation of the
apparatus.

28

Since calculation of the ngzﬁ ratio of the unknown

samples Involved the balancing of currents from the two
collectors by means of two resistances, the relationship of
these resistances to sach other must be known. Direct
experimental determination of this ratio, a tedious procedure,
was avolded by running a standard sample of tank nitrogen and

caleculating the ratio of ﬁlsﬂg by means of the equation:

.29

(1) KE Decade % Ry
28 111,111 Ry

The "Decade" reading was obtained experimentally and repre-
sents the adjustment of the two resistances needed to balance
the ourrents from the two collectors., 8Since the Hggxﬁga
ratlo for normel nitrogen is known, H,iRy may be calculated
by equation (1). For this instrument, the ratlio of R;:R, was
usually close to 0.99 when the nitrogen gas pressure outslide

the caplllary leak was 5 om. of mercury. The ratio changed
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somewhat when this pressure was lower. The uncorrected

429,28

retio of unknown samples was then calculated by means
of formula (1) fromltﬁa "Decade" reading daﬁarmined ekpar1~
mentally for that sample, uéing an Rléﬂg ratio calculéted as
daserib&d above. The unknown and tank nitrogen samples were
analyzed at‘tho same nitrageﬁ gas pressure outside the
capillary leak, | |

The most wildely used N15;¥14 ratio has been reported as
1:265 ¢ 8 (170). The “%vﬁlﬁﬁ caloulated from this ratio is
0.376. Thils percentage has been reported as 0.38 by Nier
(171). The Hggzﬁga ratic for normal nitrogen of 0.00760 was
then calculated from this figure. These methods of calcula-
tion have been modified slightly from those reported by
Rittenberg (169). The various steps involve the conversion
of an uncorrected K§9: ga value, which has been experimentally
determined on the unknown sample, to a "% N35" and then to a
b4 N1® excess" over normal nitrogen. This value 1s then
corrected for the amount of normal nitrogen contaminating the
unkhcwn due to air and background nitrogen.

The experimentally determined readings used for these

calculations are: Hgg

32
, 8%, (987, ena (),
No |7 |
where T = total, B = background, and A = air. The last
three values are voltage readings. The uncorrected "% N15n

can then be calculated from the formula:
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29
¥
; . 15 _ _100R ﬁﬁw ;
() % gﬁﬁaaawﬁ.w - where | = h mm|_
i
T

This formule mey be used for concentrations of nib up to 57.

when the W% concentration is higher then 85, 1t is necessary

to determine the amount of mwa present, as well as the

20 28 B T 3 ® sa e
Hg Ny ratio. The "7 ¥ uncopy,) ®Acess” is then obtained by

gubtracting 0.38, the value for normal nitrogen, from the

{(uncorr. |
The "£ H

15
{uncorr.)
presence of normal nitrogen from alr, which has contaminated

excess” must be corrected for the

the enriched sample. Any sample contsining more than 3% ailr
must be discarded becsuse of the presence of CC' fon derived

from carbon dioxlde. If the sample contains less than 3§
air, as determined by the value obtained for mmmwu$«
possible to obteln the value for the amount of contaminating

it ie
nitrogen and correst the caleulation for thise, ss shown below,
H weB J. o B8
(3) Aww va = {877) « mm& v» ’

whare C ¢ contasineting, B z beaokground, and A z alr.

For this mass spectrometer,

(4)
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This velue has been determined experimentally. It differs
from the expected ratio of 4 because of the differences in
ionization of niltrogen and oxygen in the mass spectrometer.

It is then possible to calculate (Hee}

from the experi-
mentally determined (Q ) by means of equatien {(4) and thus

also determine (H2 ) from equation (3). The percentage
which (Kza) is of (K%B)T determines the correction to be

applied to ”% Ni
28)

" 28
(uncarr ) excess”. ¥For example, 1if (Nz )c is

2% of (N

by 2%;

A sample calculation, representative of the values

then the "% N (unocrr ) excess”™ must be increased

obtained, is shown below:

29
N
2 . 28, _ 28, _ 32,
T
0.014

These values are determined experimentally.

- 0,00830  _
N (unacrr.) = 100 x ——F— 0.415
% 15 excess = 0.415 -~ 0.380 = 0.035

(uncorr.)

(Kz )A = 10.6 x 0f014 = 0.148

28)
c

(N 0.088 + 0.148 = 0.216

1t
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(8,7)
2 .
—gw = g ¢ 0.02
(),
/B ) excess = 0.035 + (0.035 x 0.022) = 0,0358
2. Results

A number of pr@liﬁinary experiments desligned to check
the experimental procedure and examine the urinary constitu-
“ents were run. In addition to the lsotope comparisons, it
‘seemed advisable to study the ehangés in total and urea
nitrogen of the uriné before and after adminlistration of the
seme accessory factors which would be used when the isotopie
tyrosine was fed.

The results of experiments in which the nitrogen constitu-
ents were examined before and arter vitamin administration are
glven in Table XIIl. Two of these experiments were isotope
‘experiments. Fo change in total nitrogen éan be seen,
althéugh considerable variabllity in th&ae‘values is evident.
The relationship of ures to total nitrogen is quite uniform,
all the values falling between 73.1 and 83.7%. 1In all of
these expérimants, except‘the liver extract one, metabolite
éxcretion on the pre~injection day was high, and showed the
expected low value on the post-injection day reported. There

was no change in metabolite excretion upon administration of
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no.

441

45

49

52°

Table XIII
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'Hrinary Nitrogen Constituents Before and

Pre~injection day

Urea~N Total-N gg%%igﬁ

mge

296

202

is8

185

208

285

514

After Vitamin Administration

B

361

269

258

250

255

5564

390

1

%

82.0
75.2

79.0

74.1

81.7
80.5

80.6

Post~injection day

Urea-N Total-N gz%gigﬁ

mgs

323

185

1856

199

167

314

326

mge

597

232

250

272

223

390

390

Otal-

%

8l.4
79.5

74.1

73.1

75.0

80.6

83.7

SAnimal fed on Purina chow, isotope experiment.

47his dose given orally, while Guinea plg no. 52

received vitamin subcuteneously.

Guinea pigs nos. 44, 45 and 49 fed on purified diet.
3Animal fed on purified diet, isotope experiment.
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liver extract on the purified diet (Table XI). The decreases
in metabolite excretion which were obgserved evidently cannot
be correi&teé with changes in total or urea nitrogen under
these conditions.

A total of six isotope experiments were performed.
Experiments 1 and 2 utilized the purified diet, while Purina
chow was used for the remainder of the experimenﬁa. Two of
ﬁhe animals were controls and no supplementary vitamin was
- given, three animals received vitamin ¢ auﬁplamentation, and
one animal received follc acld.

In all the experiments, the animals received 0.5 gm. of
isotopic L-tyrosine containing 6.01% H15 excess, or a total
of 2.32 mg. of excess ¥18, Table XIV shows the type of

1515 gxcess in

tabul&tion used to canvert ne ¥16 oxcess" to
| mg." and "4 yield" figures. Data on the absorption of the
N5 fed are used to illustrate these calculations. In the
case of Experimenta 1 through 4 the analyses represent a
24-hour period, while in Experiments 5§ and 6 the snlimala were
killed 48 hbura_after the l1sotopic tyrosine was fed. It will
be noted that the absorption and excretlon of the tyrosine
fed was essentially complete after the firat 24 hours.
Furthermore, the pércentage of adminietarad tyrosine nitrogen
which is absorbed is high and appears to be affected only
slightly by the various vitamin supplements on both the

purified and natural diets. These findings illustrate the
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Table XIV

Isotope Absorption of Guinea Pigs Recelving
ElsoLuTyreaine and Varioues Supplements

Total~N
Exp. Constit- ¢ N1© in N8 N1® excess  Supple-
no. uent excess sample excessl  absorbed ment
ng. mg. mg .2 %
. s 6.01 38.7 2,32
tyrosine
fed
1l Food~Feces 0,100 46.8 0.0648 vit. ¢
Int. Cont. 0.061 204.0 0.124
Total 0.189 2.131 91.8
4 FQO@*F&QGS ﬂ‘ 09'7‘7 19806 0-194 Vitw C
Int. Cont. 00,0451 372.0 0.168
Total 0.362 1.958 B84.3
b Food-Feces 0.0388 326.0 0.127 vit. C
Int. Cont. 0.0256 316.0 0.08086
Total 0.208 2.112 91.0
3 Food«~Fecea 0,140 276.0 0.386 folle
Int. Cont. 0.048 548.0 0.167 acld
Total ' 0.553 1.767 76.8
2 Food-Feces 0.193 268.0 0.518 none
Int. Cont. 0.088 165.8 0.096
Total 0.613 1.707 73.7
6 Food-Feces 0.0402 5356.0 0.215 none
Int. Cont. 0.0256 277.0 0.071
Total 0.286 2.034 87.5

1% ¥16 excess x Total~-N in sample.

zbifferenea vetween N1 fed and N1® remaining in food
and feces plus intestinal contents.
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essentially physiological conditions under which these experi-
ments were run despite the large amounts of tyrosine fed.

The changes in metabolite excretion ebaérveé represent true
changes in utilization of the amino acid, therefore, unless

it is assumed that tﬁa éminaggroup'or tyrosine is split off
prior to absorption. Furthefvééfaila of the experimental
proceduré fdr éamh experiment will be given in eonnedtion
with the discussion of urinary cenatitueﬁta.

Th§ pao?‘ébaorptidﬁ shown In Experiment 2 was due to
poor food consumption, éinca tbé‘animal did not even eat all
the supplement fed. The high "% ¥1® excess" in the food and
feces was due to uneaten tywéﬁine in thia case,

Téble XV shows the results obtained when the urinary
constituents were anal?zad after vitamiﬁ C aupplementation.
Experiﬁent 1 utilizeé‘thg purified diet and the usual low
total nitrogen exeretidn can be seen. The animal was fed
75 mg., of vitamin € in three doses at the start and during
the 24~hour period of isotope feeding. The keté acid excre-
tion dropped from 35.4 to 10.4%. Tyrosyl values paralleled
the keto acid values. In order to assure better removal of
metabolites from the urine in Experiments 4 and 5, the
animals received dally 25 mg. vitamin C supplements for two
and three days, respectively, prior to isatopa feeding. The
keto acid levels before supplementation were 56.6% in

Experiment 4, and 44.5% in Experiment 5. The low values
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which'prevéiied during the isotope feeding pefiod, after
supplementation, are shown in Table XV.

 The amount of isotope excreted in the urine in 24 hours
(Table XV) ranged from 26.7 to 39.1% in these experiments.
This range resulted mainly from changes in the l1sotope con-
tent of the residual nitrogen, since the urea nitrogen values
were almost the same in all ceses, and the rise in total
nitrogen values was accounted for by a similar change in the
residual nitragsn. One constituent of the residual nitrogen
fraction might be unchanged tyrosine. The sum of urea- plus
residual-N35 agreed closely with the value for total isotope
nitrogen, Indicating the'&ccuraey of the fractionation
procedures.,

The yield figures for ammonia nitrogen do not mean much,
since the long aeration period used and the small amounts of
~ ammonla recovered make these figures unreliable. A possi-
bility also exists that some ammonia may be‘leat before the
urine reaches the acid in which it 1s collected. No ammonia
could be recovered from the urine of animals fed on a purifiled
basal diet. However, the "4 N5 gxcess” figures for emmonia
are accurate since they represent a ratio. These indicate
thet ammonia or some compound which ylelds ammonis contained
a high proportion of ¥1® gerived from tyroaine. In every
case, the "% N5 excess" for ammonia was higher than for the

other fractions. Thus, despite the low "Isotope yield" shown
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Table XV

Urinary Constituents of Guinea Pigs Recelving
N%.L-Tyrosine and Vitamin C

15 Total-N 15 1
Exp. Constit~ % N in N Isotope” Ksto
no. uent excess sample excess  yield acidd
Mg mge % %

1l Total-N 0,323 220.0 0.710 3.3 10.4
Urea-N 0.319 185.7 0.5690 27.7
Residual-N  0.116 141.3% 0.164 7.

4 Total-N 0.156  335.0 0.523 26.7 4.63
Urea~N 0,169 279.3 Q.473 24.2
RKesidual-N 0.0358 148.3 0.0563 2.7
Rﬁs-ﬂ 0.172 0.792 0.0014 0.07

5 Total-N 0.171 483,0 0.825 39.1 7.32

(Day l) Urea~N Q.164 338.0 0.543 25.7
Resgidusl~N 0.111 278.% 0.310 14.7
Hﬁs«ﬁ 0.182 4.8 0.0087 0.4

5 Totel-N 0.0234 451.0 0.106 5.03 5.49

(Day 2) Urea-N 0.0224 315.7 0.071 3.37
Hesidual~HN 0.0133 218.7 0.029 1.38
¥NB,_ -NW 0.0389 4,0 0.0016 0,08

S

lpased on the NP absorbed (Table XIV).

2This value used in caleculating 515 excess. The blank
value of 93.3 mg. must be subiracted to obtain the residual
nitrogen of the urine only.

SBased on the amount of tyrosine fed.
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in Table XV, some ammonia-ylelding compound, such a&s glu-
temine, may contain significant amounts of the tyrosine
nitrogen.

The nitrogen fractions collected the second day after
isotope feeding (Experiment 5, Table XV) show & total of
5.03% isotope recovery. The cbﬁpleﬁenasa of tyrosine utill-
zation in the first 24-hour period is again evident.

The total isotope nitrogen présent in the urine of ani-
mals receiving folic aecid or no supplement, ss shown in
Table XVI, was of tha~sams order of'magnituﬁe as the animals
receiving vitamin C. The control animals showed a urinary -
keto acid excretion of about 30%, ﬁhila the animals receliving
vitaming usually showed kwto acid values of about 5%; never-
theless, the K15 content of the urine was in the same range
for all groups.

The animal receiving folic acid (Experiment 3) received
the vitemin subcutaneously in two dally doses of 10 and 15 mg.
prior to isotope feeding. The keto acid values were 30.0 and
7.26%, respectively, on these two days, This prompt response
" to folic acid is in contrast to the response when the vitamin
was given orally. For example guines pig no. 51 received
15 mg. of folic acid orally. The keto acid value was 40.2%
before supplementation for this animal, and after supplementa-~
tion the daily levels were 42.0, 26.9, 5.72 and 5.50%. This

delayed response to orally administered folic acid hes been
shown to exist on the purified basal diet also.
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Table XVI

Urinary Constituents of Folic Acid-Supplemented and
Control Animals Receiving HlsnbaTyrcsine

Exp. Constit- 7N in N Isotopel Keto
no. uent excess sample excess yield acia?
Mg mg. % 4
3 Total-N 0.157 390.0 0.612 34.7  3.47%
Urea~-N 0.143 325.7 0.467 26.4
Residual-N  0.067 155.0% 0.104 5.9
Kﬂswﬁ 0,137 3.3 0.00456 0.25
2 Total-N 0.212 185.0 0.413 £24.2 35.4
Urea~N 05812 154: 7 00 328 19. 1
Residual~N 0,088 160.7 0.087 5.1
1] Tatal"‘}g 0.153 4@800 00762 3?#5 28.2
(Day 1) Urea-N 0,158 213.3 0.337 16.6
Res iﬂn&l*x 0; 115 55503 0.408 2001
HES*“ 0.162 2.8 0.0043 0.2
8 Total-H 0.0214 435,0 0.098286 4.8 3.1
(Day 2) Urea-N 0.0245 261.7 0.084 3.2
Res idual-N 0.0820 300.3 0.08%7 BB

lpased on amount of Hlﬁ fed.
2Based on amount of tyrosine fed,

3This value was used in caloulating N1° excess. The
blank value of 93.3 mg. must be subtracted to obtain the
residual nitrogen of the urine only.

4Heceived folic acld supplement.
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Of the two control experiments, Experiment 2 was run on
the purified diet, the other was not. It is possible that
Experiment 6 cannot be compared with the other studies, since
this enimal hed been on the vitamin C-free basal for five
days‘plus 13 déya on the tyrosine supplement. All the other
experiments lasted less than‘é week. 'Furthermare, despite
the lack of supplementation, the metabolite excretion of this
animal dropped rapidly during this period. The keto acid
value was 48.4% prior to the two days repérted in Table XVI.
This éfop in metabolite excr&tion,'éf unknown mrigin, was
accompanied by & changed 1sotope axéretinn picture. The
"Isotope yield™ of urea was a smaller fraction of the total
"Isotope yleld" than that of any other animel. In fact, the
residual "Isotope yield" was higher than the urea "Isotope
yiald", 1n contrast to the usual 1:5 ratioc between these val~
ues. The "% N5 excess” for ures, ﬁowaver, was quite high
for this animel and the low "Isotope yield" for urea was due
to a drop in the total amount of urea produced, rather than
the failure of tha'tyreaine nitrogen only to be converted.
to ureé{‘ | |

The ammonia "% ﬁla'exceas“ values for the vitamin Ce
supplemented animals were higherithan these values for the
folic acld or control animals. This difference is seen more
clearly when the ammonia "% H15 excess" is compared to the

urea "% N1® excess" of the same experiment. The ratios of
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these values for vitamin C-gsupplemented, foliec acid-
snpplemantgd and control animals, respectively, were 1,06,
0.96 and 0.986.

In addition to these differences in ammonia isotope con-~
centrations, an altered distribution of the urinary nitroge-
nous constituents was indicated by the urea "Isotope yleld"
values of 16.6 and 19.1% for the control animals compared to
the average urea "Isotope yield" of 26.0% for the four
vitemin-supplemented animals (Tablea XV and XVI). Thus,
while the values for total lsotopie nitrogen in the urine of
all of these animals showed no significant differences, a
difference in the mechanism by which the tyrosine nitrogen
reaches the urine may be inferred from these changes in the
distribution of the lsotoplc nitrogen of the various frac~
tions when the snpplamantatieh was varied. Further control
experiments and analyses of the isotope distribution in the
carcasses must be made to confirm the significance of these

findings.
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IV, DISCUBSION

It has been demonstrated that antipernicious anemis
liver extracts wlll decrease the excretion of tyrosine meta-
bolie products by the vitamin C-~deficient guinea plg receiving
extra tyrosine. Injection of the best extracts resulted in a
rather unifarm percentage decrease In keto scld excretlon of
more than ane’ﬁalr. However, injection of less active liver
preparations produced a more variable response, and large.
vdpses of active preparations did not have the proportionally
greater effects expected. Furthermore, one experimental
extract with & high clinlcal activity had little action in
these studies. The demonstration that vitamin 512’ the con-
stituent of these extracts which 1s responsible for theilr
clinilcal activity, was active 1h decreasing metabolite.
excretion made these results difficult to explain,

A number of aimilar reports have appeared in the litera-
ture concerning the action of liver extracts in growth and
blood formation. Elvehjem (107) has reported that the growth
Increases produced by antipernicious enemia liver extracts
in ahicka(were not pfagortiamal to thelr clinical activity.
Vitamin Elz produced growth responses here also. Furthermore,
certain alcohol extracts which are discarded in the prepara-

tion of these extracts were active for chick growth. Shaw
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(112) hes assayed a number of commercial liver extracts,
similar to those used here, for their vitamin Bio cantentvby
microbiological assay. Preparatlions of different manufac-
turers, supposed to have the same clinical potency, varied
greatly when assayed. Birfarent'b&tahas from the same manu-~
facturer of tha‘aamm labelled potency had a vitamin B12
content of 0.5 to 16.0 g. per ml. in one case, and 2.5 to

13 Mg. per ml. in another. The activity of these liver
extracts was greater than would be predleted on the basis of
their vitamin By content. This was determined by running
standards of erystalline vitamin B,o and & solid liver
preparation of known vitamin Blﬁ content. Clinical results
1illustrating this same type of discrepancy have been reported
by Cuthbertson and Liayd (111), who showed that liver extracts
which contained less than 10 Mg. per ml. of vitamin By, falled
to produce the expected blood responses in pernicious anemla
patients, while more potent extracts did. The same labelled
unitage was injected in all cases.

These results plus the actual isolation of two forms of
vitamin Byg (110) make it probable that the vitamin exists
naturally as different conjugates with other unknown com-
pounds, and also that the processing of the llver extracts
results in the fermation of compounds having different activi-
ties for growth of mammals, bacterial growth and blood

formation.
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These findings explain some of the discrepancies reported
here. The ability of other vitamin factors to enhance vita-
min 512 activlity when administered along with the vitamin has
also been reported and coincldes with the results found using
liver extract with the vitamin C-deficient gulnea pig. The
isolation of the varlous forms of the vitamin and the study
of the interrelationships which exlst between these forms and
other factors should eventually provide & more complete
explanation of the action of these liver extracts.

All the information reported concerning the function of
liver extracts and vitamiln Blﬁ implicate them in some
anabolic scheme concerned with growth or blood formation. The
failure of liver extracts to produce continued abeolition of
metabolite ezerétien in our experiments, in contrast to folie
acid and vitamin C, plus thelr lack of sctivity in tyrosine
oxidation in vitro, indicate that a simllar action may be true
here. A number of studies (see Historical ssction) have
poatulated a function of vitamin Byg in protein utilization,
Some of our experiments, where extra soybean protein was in-
cluded in the diet, showed a great increase in the ablllty of
vitamin Byg to decrease metabolite excretion. Thus it is
quite possible that liver extract may act catalytically in
the incorporation of tyrosine into protein or some other body
constituent. The lack of suffieiént amino acids or other

compounds with which tyrosine can combine may then account
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for the lnability of liver extrasct to produce abolition of
metabolite excretlon for longer periods. Experiments with a
purified dilet, using different protein levels, should be
performed to test this hypothesis. Isotope experiments simi-
lar to those already done with vitamin ¢ and follc acid, with
the tyrosine molecule marked in different positions, are also
planned and would salso provide information on this question
by showing the locatlon of the tyrosine molecule when liver
extract was injected. |

The lsotope experiments reported here have been concerned
with the action of vitamin C and folic acid in tyrosine
metabolism, pending the establishment of experimental condi-
tions under which greater liver extract activity can be
obtained. The L-tyrosine used contained N8 in the amino
group.

When the isotopic tyrosine was fed to control and vitamin-
supplemented animals it was found that almost all of ths §is
was absorbed in the first 24 hours. If one conslders the
possibility of re-secretion into the gut, known to occur with
ammonium salts, it i1s possible that all of the isotope eaten
was absorbed during this period. Unless deamination of
tyrosine in the gut is postulated, which seems improbsable,
these findings indicate the rapid absorption of the whole
tyrosine molecule. Even the large amount of extra tyrosine

consumed, therefore, 1s capable of being absorbed in a normal
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manner when mixed W1th the food as in these experiments.
The action of vitamin C and folic acld on tyrosine must be
consldered to be truly a metabellec relationship, since this
action must occur after absorption of the molecule.

The results reported above are in conflict with those
of Painter and zalva (172). These authors fed L-tyrosine to
guinea plgs and analyzed for the phenolic valaezof various
tissues using a modified Millon's test. Thelr results showed
a more rapld disappearance of phenolic velue from the intes-
tine in the presence of vitamin C than in 1ts absence. It
should be noted that in these expériments the tyrosine was
administered 1n one portion by stomach tube. Poor food con-
sumption and weight losses result from this technique. 1In
addition, the énalytieél method used is positive for any
phenolic molecule. In the light of the 1sotope findings, it
is improbable that these results have physlological
significanee.

The analyses of urinary nitrogen constituents revealed
that approximately 304 of the N1® svsorbed appeared in the
urine in 24 hours, irrespective of the supplementary treat-
ment. The urine of the second 24-hour period ¢ontained only
B% more of the 1sotbpe, indicating rapid utillzation and
elimination of the amino acid. Schoenheimer (151) fed
DL-tyrosine containing N® to a rat for 10 days and found
55% of the isotope in the urine. These results show that a

constant amount of the amino group of tyrosine appesrs in
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the urine when the metabolite excretion is high as well as
low. The action of folic acid and vitamin C on the tyrosine
molecule does not involve removel of the amino group from
the urine, therefore,

One hypothesis which helps to explain these results,
postulates that the action of folle acid and vitamin ¢ takes
place in the liver and is concerned with tyrosine oxidation.
The amino group is excreted as urea. In the absence of
vitemin C, the intact tyrosine molecule 1s not oxidized by
the liver, but ls transported to the kidney where de-amination
occurs and Eahydroxyphenylpyruvic acld appears In the urine,
The amino group 1s also excreted, and if tha enzymes of gulnea
pig kidney act like those of the rat, a large proportion of
the amino group should appear as ammonia. Thus, in the con-

" trol animals the urea N5 should be lower and the ammonié n1b
higher than in the vitamin-supplemented animals. However,
in all the animals the total N'® would be the same.

Evidence for this last finding has been presented and
the urea Ni9 yleld for the control animals was slightly less
than for the vitaminesupplemented animals, as expected. The
results for the amount of ammonia N1® were not reliable
because of the very small amount of ammonia excreted by this
species, but the praportion of smmonia N1® was highest in
the vitamin C-supplemented animals, aentéary to expectations.

Further studies of the 315 distribution in the carcasses
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of these animals must be made. The isotope concentration
in ornithine, citrulline and arginine, as compared to that
in glutamine and asparagine, under the different experimen-
tal conditions should be particularly iInformative. The
hypothesis mentioned above seems to fit the experimental
facts on hand at present.

There are two questlons about which little informastion
exists. No data 1s avellable on the relationship of vita-
min ¢ to felle acid in this schems. They may both act in
the oxldation of tyrosine, but at different steps of the
enzymatic pathway. Secondly, it 1s not known at what stage
of the oxidation the amino group of the molecule is removed.
The evidence #t present (see Historical sectlon) indicates
that 2,5-dihydroxyphenylalanine is an intermediate In the
~oxidation of tyrosine. Therefore, de-animatlion is not the
fifst oxidative step.

It should not be concluded that these hypotheses exclude
other types of relationships between these vitamins and
tyrosine. The anabolic functlons of vitamin C and folic acid
in growth and blood formation are well known. Their rela-
tionship to the action of liver extracts on tyrosine
metabolism may involve an entirely dlfferent metabolic pathway
than the oxidative one postulated here. This oxldative path-
way is an important one, however, since the amino acid

provides an energy source by this mechanlsm.
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V. SUMMARY

The finding that liver extracts, used in the treatment
of pernicious anemla, daareaaad}the excretion of tyrosine
metabolites by the vitamin C-deficient gulnea pig has been
confirmed, Suitable extracts reduced the mstabolits excre-
tion by approximately half. A vitamin Bjg-charcoal adsorbate
in a soybean flour carrier, when fed orally, had a similar
ection on metabolito'excretion. The effect produced was
approximately proportional to the amount of vitamin Byo
administered. It has been tentatively concluded that the
activity of liver extracts 1s due, at least in part, to
their vitamin Byp content.

The decreases in metabolite exeretion caused by lilver
extract were observed primarily in the 24~hour period follow-
ing injections and could nat bs maintained by continued
1njections. The decreases ebaarvad were not always exactly
praportionai to tha antipernicicus anemla unitage adminis-~
tered. It has baen soncluded that other factora probably
operate in conjunetion with the activity of the liver
 extracts to produce the metsbolite decreases.

The aation of vitamin C or cobalt salts, in conjunction
with these livmr extracts, was studled. Dally administration

of 1 mg. of vitamin C resulted in larger decreases in

St
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metabolite exeratidn after liver extract injection. The
cobalt salts used had no effect on the action of the liver
extract. Injectlon of a liver dialyzate resulted in
irregular decreases in metabolite excretion.

A purified dilet was prep&red and the action of these fac~
tors on metabollte excretion studied with this basal diet.
Vitamin € aﬂd foliec acid aupplementétion resulted In the
uaﬁal cessatlion of metabolite excretion. In the one experi-
menh with 1iver extract injections, no change in excretory
values occurred.

Studies of blood constituents were made to determine
whether the action of liver axtradta on tyrosine metabolism
was correlatéd with changes In red blood cell eéunta, total
nitrogen and hemoglobin. A suggestlon that decreases in
metabolite excretion were correlated with increases in the
number of red blood cells was noted.

Purther studies of the action of vitamin C and follec
acid on tyrosine metabolism were made using isotope-labelled
amino acid. LwTyrosina containing 6.01 atoms % excess K15
was fed to aantral and vitemin-supplemented animals., It was
found that 80 to 90% of the isotople tyrosine nitrogen was
absorbed from the digestive tract in the first 24 hours.

Approximately 30% of the isotopic tyrosine nitrogen
absorbed by unsupplemented, vitemin C-supplemented and

folie acid-supplemented animals appeared in the urine in the
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first 24 hours. An additional 5% was excreted in the second
24-hour period. It was concluded that the decreases in
metabolite excretion produced by vitamin C and folic acid
were not accompanled by changes in the amount of isotopic
tyrosine nitrogen excreted.

However, the distribution of isotopie nitrogen in the
urinary fractions studled differed when the supplement was
varled. The nitrogen derived from the urea fraction con-
tained more isotopic tyrosine nitrogen in the case of
vitamin-supplemented animals than controls. The urine frac-
tion which contained the greatest concentratlon of isotoplce
tyrosine nitrogen was ammonis In the case of vitamin C-
supplemented animals, but this was not true for control or

folic acid-supplemented animals.
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