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1. INTRODUCTION

&¢ The Natural Thyroid Hormone

The discovery of large amounts of organieally bound io-
dine in extracts of the thyroid gland by,Baumannl stimilated
investigations into the nature of the active principle of the
gland, Although as far back as the m;&ﬁie‘agaag the benefi~
clal effects of lodine and iodine-contalning materials such
as gponges and seaweed on golters were known, the chemisal
nzature of the thyroid hormone was unknown, Through various
procedurss of extraction, fractions with inoreasing ilocdine
content and biological activity were obtained from thyroid
tissue. Ir 1899 Daw&l&s obtalined a purified protein product
from the thyroid follicles and called it thyroglobulin.

Further efforits were m&ﬁ$'ta concentrate the active prin-
cipvle. In 1919 Ksnﬂ&ll"a isclatved a orystalline compound
containing 657 lodine from an slksline hydrolysate of hog thy-
roid, whioh he oalled thyroxine. Haringtonﬁ determined the
correct structure of thyroxine and confirmed it by the syn-
thesis of the @ompoundvﬁ and by the use of the synthetic pro-

duot in the successful treatment of a myxedematous patient.

B, Artificial Thyroprotelins

While these experiments on natural thyroid products were
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ga%mg on, other workers were attempting to produce thyroas-
tive compounds synthetiocally by adding iodine to various pro-
telns. The earlier attempts by Berg, Blux, Hutohinson, Lie=
bricht, Hofmelater and Kurajeff (sse bibliography reference 8
for a review of early work) successfully combined ilodine into
the protein molecule; however, the few claims for biological
actlvity were not confirmed, and these preparations probably
4id not contain thyroxine.

In 1936 Ludwig and ﬂutzenbacher9 produced an lodinated
casein with uarkad'biolmgical activity from which they later
igolated thrroxiﬁalﬁ‘ Their method with some modifications
is essentially the one used today.

C. Uses of Thyroactive Proteins

l. Milk Production

The physiological action of thyrosotive compounds is

complex, and a detailed discussion is beyond the scope of this

thesls. lany of the effects are due to the well-known ability

of thyroxine to increase the metabolic rate. In 1934 c:%rahamn

found that thyroxine snd desiccated thyrold tissue grestly ine

ereased the volume output and butterfat content of the milk of
dairy cows. Although the use of thyroid gland prepsration

materiale »ould not be feasible on a large scale, Reineke and

Turner in 1942 found that feeding synthetic thyroprotein had

essentially the same effect as natural thyroid substances.
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The masaive awount of data collected since these early experiw
mente ls well reviewed by Eeinekes and Blaxteria’ga. With
wide variation, depending on faotors t¢ be mentioned subse-
quently, the milk ylelds of dairy oattle oan be inereased up
to 50 per cent im a period of one to three weeks with thyro-
protein feeding of about 15 gus. per day. The increase in
yield correlates roughly with dose, up to about 30 gms. per
day. At this point some of the undesirable side effects of
hyperthyroidlism are likely to appear. Along with the in-
crease in yield, the fat content of the milk ig increased up
to 2,0 percentage units. The lactose content of the milk
from lodinated casein fed cows is also gemerally increased
about 19%, but studies on other constituents such as proteins,
minerals and vitamins are inoonclusive. There ig no signifi-
cant change 1n these substances except for vitamin C; here,
with all types of thyroid stimulation, there is about a 307
decrease, Hilk is not an especially good source of asscorbilc
acid; therefore Blaxtarza sonecludes that milk from dairy cows
o lodinated oasein is safe for human consumption. The high
intake of lodine, both orgenic and inorgenie, of cows on thy-
roprotein, ls reflected im an inorsase in the inorganic ioe-
diue content of the milk, Thers have been no reports of hyper-
thyroidlsn in calves of cows stimulated with lodinated oasein.
The beet results have been obtained by feeding 15 to 20

gme, of iodinated cm2sein per day to productive cows starting
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generally about 40 days after freshsning. With this procedure
the cow's metabollsm, heart rate, respiratory rate, and body
temperature are increased; snd her welght will drop if on =
voor or iimiteﬁ food intake. With proper handling the un-
toward actions of thyroprotein are few, The loss in weight
can usually be compensated by an inoreased food supply. With
the above faecte in mind, Blaxtarmg egtimates that short term
thyroprotein treatment will give about a 307 profit in milk
gupply. Other factors altering the response of cows are:
stage of laoctation, nutritional intake, age, weight, and

breed of cow.

2, Swine Growth
Thyroprotein has also bsen used in altering the thy-
rold status of swine, Blaxter @i,g;xm have reviewed some of
the earlier work, and some promising results have been ob~
teined by feeding recently weaned pigs 0.006 to 0.012% io-
dinated caseln in their rations. Weight gains have been re-
ported up to 27 pounds sbove control velues. In thie work
the known growth stimulating properties of the thyrold hor-

mone are used to good advuntage,

3. Chickens
Stimulation of growth in young chicks has been much
less conclusive than the work with plgs. Thyroorotein has

been shown useful, however, ln stimulating egg production,
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egpecially during the summer months and particularly in older

hens where there is a normal deoline in metabolism.

At present the @meercial use of lodinated sagein on
domestic animals ig limited to certain areas that afford the
particular geographic and economiec oircumstaness necessary
for commercial auﬁeess. There are many conflicting reports
and, althaugh with intelligent use some advantage is gained,
more data must be colleoted before the merit of wide seale

use of thyroprotein is definitely established.

4, Human Application

The use of artificially iodinated proteins in hu-
mans has been investigated omly to 2 limited extent. Lerman
and Salt‘;arm used hydrolysates of lodinated serum albumin suc~
sessfully to relieve myxedema. Later the relisf of myxedema
wag used for a,bielagiéal agsay of some lodinated yr@t@imﬁlﬁa
Purther reports of myzedems relief by artificially iodinated
proteins prepared esgentially by the ludwig and Mutzenbecher
math@ﬁla’a? have established their blologiecal effectiveness

in humans,

D. Chemical Theory of Thyroxine Formation

1. ZIncubation of Dilodotyrosine
The isolation of thyroxine from artificially io-

10
dinated protveins by Ludwig and Mutzenbecher  aroused the
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interest of theoretical ochemists as to the mechanism of its
formation in the intact protein. After the structursl for-
mila of thyroxine had been determined (figure i}, Harrington
and ﬁavgerﬁ suggested that iie formation in the thyroid gland
is through coupling of two molecules of dilodotyrosine with

the loss of one pide chain.

;!ma

I
Figure i HOQ—D—Q— CHyg—CH==COOH
I I

in order to avoid the complications encountered when worke
ing with the complex structures of proteins, many investiga-
tions into the reaction of thyroxine formation were made on
relantively simple systems, that is, those involving only free
amino acids. Further evidence that dilodotyrosine is the pPraé=
cursor was glven by mutzamh@cherls when he obtained & small
amount of thyroxine by incubsting dilodotyrosine in alkaline
solution at 38°C for several days. Johnson and Tawkagbm?yas,
in confirming Mutzeubecher's sxperiment, postulated an oxi-
dative mechanism in which hypolodite, formed from the iodine
#plit off from diiodotyrosine during inoubation, is the oxi-

dizing agent, They gave as evidence for their theory a alight
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inerease in the yield of thyroxine on addition of hypoiodous
acid to the incubating mizture. Their proposed mechaniss for
this reaction 1s shown in figure 2 (page 8)., Thus dehydro-~
genation of dilodotyrosine, compound A, leads to compounds B
and €, which couple to form the quinol ether, compound D,

This spontaneously decomposes to form thyroxine, sompound E,
and an unstable amino compound ¥, which is hydrated to form
serine, compound G, or pyruvie asocid, compound H. Their iden~
tification of pyruvic acid in the reaction mixzture supports
portions of their theories. Harringtonﬂc gives further sup-
port to this proposed mechanism when by application of the
resonance theory he finds the struoctures given by Johnson

and T@Wk@sburylﬁ to be the most probeble. Harrington obtained
an inorease in yields of thyroxine by the use of hydrogen
peroxide as an oxidizing agent; however, when potassiunm ferri-
¢yanide was used, only tarry prdducta wore obtained., In
later experiments Harrington and Pittwﬁ1v$v33; found the op-
timum pH for thyroxine formation to be 10 and thus concluded
that lodine and not hypolodite is the oxidizing agent, since
the yield of thyroxine falls off sharply in the more alkaline
solutions which favor the existence of hypolodite. Reineke
and Turnarga used mengsnese dioxide as a eatalyst in their
eéxperimente and found an increase in yield of thyroxine as
long as the ineubating solution of dilodotyrosine was well
aerated. They coneluded that atmospheric oxygen was the oxid-

izing agent, for no thyroxine was formed if air was sompletely
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excluded {rom the incubating mixture., The nature of the im~
mediate oxidizing agent is still unproven; however, the faot
that oxygen is necessary is well established.

The exact nature of the side ohain split off during the
coupling resotion is also still undetermined. Pitt-Rivers
using paper chromatography and other methods, has identified
oxalle acid; 3,5,dilodo-b-hydroxy-benzaldehyde; triiodophenol:
and alsnine in various mixtures of inoubated diiodotyrogine.
The aldehyde and triiodophenol are oxidation products which
are formed when diiodotyrosine ies incubated at a high pH. Ox-
elic acid could be formed in a number of ways but is probably
formed by beta oxidation of the diilocdotyrosine side ehain.

The author suggests that the alanine found is not necessarily
split of f as such but may be formed from athey by~producte of

the reaoction,

2. Thyroxine Formation in Intact Proteins
a. Jlodination

When iodine is added to a protein, the first
reaction to take place is substitution on the benzene ring of
the tyrosine molecules meta to the hydroxyl group. Iodine
also combines with histldine and reacts with tryytaphama’.
in addition to ohemlcal combination, lodine is adsorbed by
protelns. Under various conditions proteins canm be prepared
convaining large amounts (up to laﬁﬁ} of iodine; however,

there is little or no correlation between total iodine con-

tent and blologleal (thyroxine) aetivity.
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B, PpH

The coupling of dilodotyrosine molecules in
intaet proteins is influenced by the same factors affecting
the simple amino acid remctions described above, but is also
infiuenced by additional factors. When jodine is substituted
in the bengzene ring of tyrosine, hydrogen iodide ieg split
off; therefore a buffer i1s needed to maintain the pH of the
mizture at optimum levels. Ludwig and ﬁa@z@nbeeher@ used
sodium bicarbanate‘and were able to maintain their incubating
solution at around pH 8. These workers also sugsested that
2 lLimited amount of lodine is desirable for high thyroxine
formatlon. Maus st glls also found that thelir jlodinated serum
albumin deoreased in aotivity when the iodine ndded was
greater than four atoms per molecule of tyrosine in the pro-
tein., Muus used ammonisa in an aleoholic solution as buffer—
ing medium. Reineke and Tz.::r'me&ax'M found that maximum potency
was obtained with casein in a bicarbonate solution when the
lodine concentration was four to five stoms per molecule of
tyrogine. Hﬁwever, they also found that by inereasing the
emount of bicarbonate along with the iodine they obtained
their best yields when aix atoms of lodine were added per

molecule of tyrosine,

6. Incubation time and temperature
Barly preparations were incubated at 38°¢ to min=-

2
imize the denaturation of the protein. Reineke and Turner



1l

obtained a large inorease in the thyroxine content by incubat-
ing the iodinated oasein at slevated temperatures for varying
pericds up to 24 hours, @sbarn.s studied the time tempera=-
ture relationships and found the thyroxlne coatent inoreased
proportionately up to 90°C. She alse found that the thyrox-
lne content inecreased as the incubation time was ilncreased,

but at a diminishing rate after 24 hours,

d, Catalyets
During the sourse of their investigations,

Helueke and Turner found higher potencies in the preparations
made in an apparatus ocombtalning a2 brass stirrer. This led to
the investigation of a series of metals as @&t@lystaa‘, Other
metals, lnoluding iron and copper, were used unsuccessfully:
however, they obtained a consistent incorease in thyroxine con-
tent with colloidal manganese dioxide formed by the reduction
of potassium permanganate with glucose, 'They also found in~
oreages with other mangsnese oxides and salts, Dabornas son-
firmed the catalytic action of the mangsnese compounds but
was unable to obtaln any beneficlal effect from a brass stirrer
or any related metals., Pitt-Rivers and andalla? algc failled
to cbtaln any effect with & brass stirrer. In further in-
vestligations of manganese compounds, Oab@rngﬁ found that when
Kim0Oy is added to a easein solution, the pormangemate iz pe-
duced and becomes an effective catalyst.

Osborn also tried varlous other kunown oxygen carriers

guch as butyl peroxide, hydrogen peroxide, and hemoglobin,
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but these did not alter the reaction. Pitt-Rivers and Ran~

29 .
dall also found horse radish peroxidase ineffeotive.

8, Aeration

Reineke and Turnerg' found that the inoreased
potency of their products obtalned with a manganese catalyst
was not realiszed if the atirring motor was slowed down, Qa~-
harﬁﬁg also found that rapid stirring increased the amount of
thyroxine in her proteins. She aleo found that aervation of
the solution with alr or oxygen would catalysze the reaction
and lncrease the amount of thyroxine which could be obtained,
Therefore she states that KMal, hag a catalytie action when

oXygen ig lntroduced.

f. Physical factors _

(1) Concentration of ingredients

Relneke and,wurneraﬂ usaed about 3 per cent
protein solutions in 0.7 per cent bicarbonste for their
preparations. Gsborngg found a 6 per cent protein solution
in 1.5 per cent bleoarbonate more couvenient to use and found
that even 7.5 per cent solutions did not appreciably decrease
her yileld of thyroxine if the other ingredlents were in-
ereased proportionately. If marked evaporation from her in-
cubating soclutions ocourred, the yield of thyroxine was de-

areased.



(2) Addition of Iodine

Originally it was thought that the iodine must
be added to the protein solutions in finely powdered form,
slowly, over a period of & hours, at 38°C, the method of
Mutzenbecher. Piltt-Rivers and Ran&allH iodinated with io-
dine solutions in KI almo at 38°, and Reineke ond Turnargg
iodinated at 3B° even though they incubated thelr solutions
at mueh higher temperatures. Oabornaﬁ found that her yilelds
of thyroxine were increased when she added the iodine all at

onse at 75-80°¢,

{(3) Precipitation

After incubation Reineke and Tarn@raa dialyzed
thelir selution over night in é callophans bag. The solution
wgs then isoelectrically precipitated with HCL at pHb4. oOs-
bnrmgg showed that the thyroxine content was not altered by
dialysls; she also found that isoelectric precipitation at
60°C gave a precipitate that settled rapidly and was easily
driled.

g. Proteins suitable for Iodination

Tyrosine has been shown to be the important
constituent of proteins necessary for thyroxine formation.
A8 one would expect, all proteins contalning tyrosine which
have been iodinated under the proper conditions have shown
thyroldal activity. However, contrary to what might be ex-

pected, the amount of thyroxine whioh can be formed under
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standard conditiouns is not proportional te the amount of
tyrogine in the original protein. Hoohe gﬁ,gl?ﬁ have lodin-
ated a series of proteins by Reineke’s method and found gilk
fibroln whieh contains 12 per ocent tyrosine to form only one
fourth as mach thyroxine as zein which contains 5.8 per cent
tyrosine. They also tested the thyroxine content of iodinsted
peptones formed from the peptic hydrolysis of casein and found
only trace amounts, OsbennaB at the same time investigated
the thyroxine content of the vroduets of papain hydrolysis of
cagein, With one preparation she obtained the highest thy-
roxine yleld of any of her experiments, but was not abls to

reproduce this yield.

E. ZIhyroprotein Assay Methods

One of the most diffioult problems in thyroprotein re-
search ls the determination of the thyroidal potemey of the
various produots. This subject is well reviewed by Reineke
and Turn&ras and Pittnﬂivaraaﬂ, 80 only the basie problems
will be presented here.

1. Bloassay

Belneke and Turner have classified present day
bioassay methods into four main groups, These are: (1) as-
say based on the effeoct of thyroid in altering the energy
metabolism or body weight; (2) replacement therapy in
thyroldectimized or thioursell treated animals; (3) main-
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tenance of the thyroid-pituitary balance in thiourascil treate
ed animals; (4) stimulation of the processes of maturation
and metamorphosis ln amphiblan tadpoles. AlL of these methods
have been used by various workers and all have some serious
drawbaocks. The obvious standard for comparison of thyroidal
substances is eorystalline thyroxine. When the above men~
tioned responses to thyroidal subgtances are compared to re-
sponses obtained with thyroxine, not only ig there great in-
dividual variability but obvious discrepancies ocsour if ocare-
ful envirommental standards are not maintasined, Nany of
these discrepancies ére due to the faet that thyroxine is a
relatively insoluble material and not quantitatively adsorbed
from the gastro-intestinal tract. This makes orsl adminis~
tration less satisfactory than parenteral administration.
Parenteral administration presents another problem as
desoribed below. Thyroxine is released slowly into the blood
stream in small guantities by the thyroid gland, Thus single
lnjections of larger doses are unphysiological and & large
part of the injected dose is destroyed, and the test animal
thus does not make a quahtitati?@ response., This phenomenon
probably explalne why the response of animals to some thyro-
proteins is greater than one would expect from their thyroxine
gontent, for the protein is broken down more slowly and the
relsase of thyroxine more clogely simulates the aotion of the

thyroid giand.
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Ancther problem in the use of a standard in thyroxine
bloassays is the relative potencies of L and D-L thyroxine.
The reported values in the literature vary greatly, and since
crystalilne thyroxine is most coanveniently isolated in the
ragemic form it is used thie way as a standard. Probebly the
activity of the L form is enough greater than that of the D
to enable one to assigzn all the sotivity of a rascemic mixture
to the L form, at least within the limite of aoccuracy of the
bloassays now available,

The final problem to be mentioned is concerned with the
specificity of response. One of the most widely used biow
assay praa@dufes ie that of Deansley and Fark@aaﬁﬁ They
found that the stimulation of metamorphosis in Xenopus btad=
poles corrslates well with the ineresse im milk production
of dalry cows. They have also shown that the tadpoles re~

gprond to diicdotyrosine as well a8 thyroxine.

2, Chemiocal assays

Most of the chemical assays for thyroxzine in thyro-
Proteins are based on the determination of ilodine in various
solvent fractions after hydrolysis of the protein. The early
mothods of evaluating the poteney of thyroproteins by a total
lodine analysie as mentlomned previously are of very little
value gince only a small fraction of the total iodine is thy~-
roxine lodine., Barly sttempts to isolate thyroxine from

hydrolysates of thyroproteins showed that almost 21l of the
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aotlvity was in the acid insoluble portion, Plit-Rivers and
Randallav attempted té estinmate the activity of their prepars-
tion by messuring the aold insoluble ilodine. However, Deang-
ley and ?arkesal ghowed that there was very little correlation
hetwesn acid lnsoluble iodine and the biologlcal aativit# of
thyroproteins as assayed in tadpoles or cattle. 4 new method
of thyrqxim@ aspay was made avallable in 1932 by lLeland and
Fasterag. They found that the thyroxine of hydrolyzed
desicecated thyroid could be separated from dilodotyrosine by
extraction from an alkaline solution with butanol, Elauaa
modified this procedure by exitracting the hydrolysate with
butanocl at pH 3.5 and purifying the butanol fraction with 4N
NaOH containing 5% NaHGOs. This technique has been modified
by Beineke at glé‘ and starnng, and is the one used in the
experimental work to be described, BReineke states that there
is good agreement between the values obtalued by his chemical
assay and those obtalned from blosssays based on the in-

creased output of COz by guines pigs.

There are several other assay procedures using colori-
metric oy polarographic procedures. Theze offer no real ad-

: 3%
vantage over the procsdure desoribed by Beineke .
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I, EXPERIMENTAL

A. The Chemlonl Agsay of Thyroproteins

l. Hydrolysis

1.0 gm. of thyroproteinm is weighed inte a 150 x 25
mm, pyrex test tube @ontaihing 3.2 gm, of BaOH*8Hg0. The dry
materisls are mixed by gently tapping the bottom of the tube.
5 ml, of water are added, rinsing down any material which ad-
heree to the side of the tube. Thé tube is then placed in a
steam or boiling water bath. After 2 to & hours the tube is
removed and the mixture stirred. 1.2 ml. of water is added,
rinsing the stirring rod and sides of the tube. Hydrolysis
is then continued for a total of 18 te 22 hours., The tube
is then removed from the bath and 25 ml. of cold water are
added. The hydrolysate is allowed to settle, or is spun down,
and the olear supermatant poured off into a 100 ml. volumetrie
flask, The undissolved material remaining in the tube is'>
brought into solution by adding 5.0 ml. of 3.5 N HCL and 2
ml., of n-butanol. This mixture is stirred, warmed on the
steam bath and then added to the 100 ml. flask. The tube im
ringed with water and the walls eleansd with the ald of a
stirring rod, the rinse being asdded to the 100 ml. flask,
This process is repeated with small amounts of water and the

volume brought to 100 ml,
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2. Separation of the thyroxims fraction

After thorough mixing of the contente of the 100
ml. flask, a 20 ml, aliquot of the hydrolysate is tramsferred
to a 250 ml, separatory fumnel, One drop of bromo cresol
green indicator is added, and the hydrolysate is acidified
with 3.5 W HCL to the first yellow color. 20 ml. of butanol
are added and the mixture is thoroughly shaken. The two
layers are next allowed to separate, and the aqueous layer
is drained off into another 250 ml. meparatory funnel, The
aqueous layer 1s then re-extracted with 10 ml. of butanol,
and the butancl layers are combined. The butanol solution,
which now contalns thyroxine and dilodotyrosine, is extracted
with 25 ml. of # N NaQH containing 5% NaHCOs. The layers are
allowed vo separate, and the alksline layer is transferyed to
a second separatory fumnel. 'The bubanol is then re-extracted
with 15 ml. of alkali and the alksll portions combined, The
combined alkalil portions are then extracted with 15 ml. of
fresh butanol.

The alkaline washee are disocarded and the butancl por-
tione combined, 10 ml. of butanol sre used to rinse the
second separatory fumnel, The bubanol solution isg then
flltered through a small glass wool plug fixed in the stem of
the separatory fumnel, into a 250 ml. nickel orueible., The
erucible 1s placed on a steam bath and the butanol is

evaporated with the ald of & stream of air.
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3. Iodine determwination

To the dried residue from the butanol evaporation
5 gm. of NaOH and 5 ml. of water are added, and the crucible
is heated gently over 2 burner until no more steam comes off,
The erucible is then placed in an open “oven ™ and heated
gatrongly with a ?iah@r burner. Toward the end of the fusion
& small amount of KNOs is added and the mixture is heated un~
til olear, The erucible is allowed to eool, and the melt is
then dissolved in sbout 100 ml. of water and transferred to
a 500 ml, wide mouth Erlemmeyer flask with the aid of an ad-
ditionel 100 ml. of water. 1 ml. of 10F NaHSOs is then
added to convert all of the iodine compounds to iodide, Then
3 to 4 drops of Methyl orange are added and the solution ig
carefully a@idifi@@ to the first pink color with syrupy
HaPO,a (85%), 10 drops of liquid bromine are added and the
solution is mixed with a glass stirring paddle, 2 Henger
granules are added and the solution 12 bolled under the hood
until clesr. 10 drops of 5% sodium salieylate are added and
the solution is allowed to cool in & water bath. $ ml. of 107
KI and 5 ml, of syrupy HaPO, are added, and the gpolution is
titrated with fresh 0,005 N NagSs;0ss 1 ml, of 1% starch

solution is added near the end point.

&, QCalculations
Af'ter hydrolysis and separution, the iodine of the
butanol fraction is assumed to be bound as thyroxine iodine.

By fusion this is converted into inorganic iodides. The
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lodides sre converted lnto lodate by bromine and determined
by the following reasction:

KIOs + 5 KI + G6HPOq —— 315 + 3Hg0 + 6KighO,
The iodine is then titrated with sodium thiosulfate:

Ig + 2Nagisly — 2Hal + 2NagISg0,

In the above reaction 9ach lodine atom from the separated thye
roxine 1z represented by 6 lodine atoms in the final titra-
- tion. Therefore each ml. of 0.0058 sodlum thiocsulfate repre-

sente

%g%gi x ;%Z = 106 x 1Qw§ gm,, or 0.106 mg. lodins,
127 being the atomie welght of iodine. Thyroxine has s mole~
cular weight of 777 and contains 4 lodine atoms; thus we
multiply the weight of iodine by gﬁg, or l.529, to get the
welght of ﬁhyraxin@*. The percentage thyroxine in the 1 gm.
of thyroprotein sample 1s thus onloulated from the following

formala:

% thyroxine = ml, ﬁg;ggggigx% x ,106 x 1,529 x 5 x 100
1000 (sample wt, in mg.)

28
Daborn has shown that it is more comvenient to use a
factor for each new bateh of standardized 0.1 N %thiosulfate:

Factor = ] o e x 0,10 29 x
0.1 x 1000

Then, the ml,‘s of .005 N thiosulfate x factor = Z thyroxine.
& check on the acouracy of the assay procedure is through

thyroxine recovery experiments. A small but acourately

*Since only 20 ml. of the 100 ml, hydrolysate is used, we must
multiply the answer by 5.



22

weighed awount of orystaline thyroxine is transferred to a
test tube and carried through the hydrolysis, separation and
jodine determination procedure, In our hands, 97% of the
thyroxine was recoverad, with a range from 9% to 99%. When
dilcdotyrosine was added, ocecaslonally wery sliightly higher

values wers obtainsd,

5. Sources of Error

Since the assay procedure ie long and involves many
gtepg, it is often difficult to trace the source of an error
seen in the final reesult. Values which are toe high are often
obtained when non~thyroxine iodine is inociuded in the thy-
roxine fractlon. For example, lncomplete hydrolysis, due
@lther to shortened hydrolysis times or to incomplete mixing,
may leave peptides of diifodotyrosine which follow thyroxine
in the separation procedure, Non~-thyroxine lodine can con~
taminate the final fraetion Af there is incomplete separation
of the adueous snd butanol layers. Care must also be used in
the final titration, as too much phosphoric acid will promote
auto-oxidation of the iodide solution end thus give values
whioh are too high, due to the fading end point.

The most common causes of low values are gpattering, or
errors ocourring during the evaporation or the fuslon proced-
ures, Another source of trouble is the formation of per-~
Bistent emulsions in the first step of the separation pro-

cedure, These can usually be avolded by having the volume
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of the aqueous layer greater than that of the butanol layer.
In spite of the difficulties pointed out above, reason-
ably conslstent results were obtained in the repeated analysis
of a "agtandard' thyroprotein preparation. This “standard”™
wWae run a8 & control sample 1n easch series of experimental
ABBAYS.
Table I liste these “gtandard assays™ asccumulated over
& two year period; the values belng arranged in order of ine-

ereasing size.

TABLE I

Values obtained by repeated assays of a
glngle, howmogenous thyroprotein product

3.60, 3.66, 3.67, 3.68, 3.73, 3.74, 3.75,
3.76, 3.76, 3.77, 3.77, 3.78, 3.80, 3.80,
3.82, 3.83, 3.83, 3.84, 3.85, 3,87, 3.88,
3.90, 3.97 |

Average = 13,78%
Range = 3,60 - 3.97

Standard
deviation = 0,095

B. The Preparation of Ihyroproteins
The earllest batohes of lodinated casein were prepared

28
in this laboratory by the teclmique described by Osborm ,
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The temperature of & 12 liter Fisher water bath appars-
tus 1s controlled at 80°C with an suxiliary heater Qnﬁ a
Fenwall thermogtat. A4 2 liter round bottom flask ls immersed
in the bath and held by a elamp. PFProvision is made for
rapid stirring by the use of a *Lightnin® stirrer. 1 liter
of distilled water and 15 gm. of HNaliCOy are addsd to the
flask, and then 60 gm. of commercisl ocasein are added slowly
with a few drops of Antifoam. A8 soon as the sasein hag dig-
solved, 200 mg. of KMnO,, dissolved in a small amount of
warm water, are added; and as the temperature approaches S0°C
10.4 gm. of lodine are added all at once. A glass tube is
then adjusted well below the surfaoce and oxygen is bubbled
through through the rapidly stirred mixture st a rate of one
liter per mimute. More Antifoem 13 added as needed, and the
mizture is allowed to iuncubate at 80°C. Incubation times
were varied from 4 to 24 hours. 4t the end of the incubation
period, timed from the addition of lodine, the flask iﬁ rae-
moved from the bath, partially cooled, snd the solution fil-
tered through glass wool inte a pr@@ipit&tidn pan, 4t 60°C
dllute HCL is added slowly to the mixture with constant
atirring untll there is compiete preclipitation, the optimum
PH being around 3.9. The precipitate is asllowed to settle
and the supermatant liquld poured off, The residue is then

partially dried on a suction filter an& the drying completed
in an oven at 70°C. The dried material is them ground to

granular powder and stored for analysis.



l. Variatioms of Ingredients and Procedures
Using the proesdure essentially as described above,

a study was made of the effects of varying ome or more of
the reaction compoments, When time course studies were done,
serial samples were obtalned by the removal of 50 ml. ali-
quots from the reaction mixture. This was dons by pipet
without disturbing the temperature, rate of stirring, or
oxygen flow. One of the first diffioulties encountered was
evaporation and oconcentration of reactants in preparations
inoubated 8 hours or more; also, the Antifoam becsme inef-
fective and allowed solid material to collect on the sides
of the flask above the reasctant volume, This problem was
oversome by constructing a silde arm on the 2 liter flask and
attaching a constant level water bottle. This apparatus was
used in sll preparations imcubated over 8 hours. Table II
@ontains a sunmary of a series of investigations. In this
and throughout the remainder of this thesise, reactions or
studies will be listed by sample number; these refer to the
number sgsigned the experiment at the time of verformance.

In several experiments the standard ingredients were
varied. In reactions 5, 6, 7, and 10 a commersial, erude,
wet ocaseln product was substituted for the usual dry material
with allowanees for the excess moisture., Also in numbers 6,
7, and 10 & commercial, crude filter cake lodine was used in
place of the standard resublimed produst, The thyroxine

valuesg of these products were well within the usual range.



Sample Temper-

Humber ature

1

W B W M

10
11
12

i3

14

15
16

21

31
36

80~-85°

80-850
78-85°
80elz
80°

8o®

. e’ﬁg

8s5°

85¢°

85
8o®
80°
85=90®

90°
90°
80°

8o0°
a0°
80°
80°

Table II

A Summary of the Besults

of Preliminary Experiments
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# Thyroxine
Incubation Time{hours)

Treatment, remarks b 8 12 2%
Compresped alr, evap~-

oration 2.83

{Same ) 2.38 2.98
{Bame ) 2.47 2.63

{Same ) 2.32 2.37 2.82
Wet capein, evapora-

tion 2.12

Wet ocaselin, wet iodine,

constant level flask 2. 41

(Same as 6) 2.4 2.83 3.75
Pre-jiodination incuba-

tion, compressed air 1.44

Pre~lodination inouba~

tion, oxygen 2,73

(Same as 6) + oxygen 3.24% (7 hours)
Standard products, Op 2,95 3.25

(Same as 1l) 2.1% 2,60 3.06
Pre-iodination incu~

bation 1.91 (3 nours)

(Same as 13) 2.4

{Same as 13) 2.09

Pre~iodination inen-

I, added at BO® 2.22 2,70 2.79
Repeated iodination 3.05 (4.5 hours)
Nap‘cﬂa 3. 20

Stirrer off between

4 and & hours 2.75 2.72
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in avother ehort series of experiments (numbers 8, 9, 13, 1k,
15, 16) the oasein solution, containing all the usual in-
gredients but not the iodine, was inoubated & hours prior to
the sddition of jodine., This procedure had no beneficial efw
feot on the thyroxine comntent, and in most eases the values
were below average. In preparation 32 an equivalent amount
of NagCOs was substituted for the NaHCOy and there was no
deleterlous effect on the thyroxine yield, 3 gm. additionsl
lodine were added to preparation 25 at 1.5 and 2.5 hours,

and the product contained 3.05% thyroxine after 4.5 hours of
incubation. In preparation 36 the stirrer was left off after
removing the 4 hour sawple and there was no inorease in thy-
roxine formation in spite of 4 hours additional ineubation.
It is apparent that the changes in procedure and/or ingred-~
ients recounted above did not materially affect reaction
Yields.

2, Investigation of Precipitation, Washing, and
Drying Tecohniques

The color, texture, and granularity of the early
preparations varied greatly. Some products whieh were dried
in a vacuum desicoator over concentrated Hgl04 were much
lighter in color and werse essily ground into a fine powder,
while the products sllowed to dry at room temperature or in
the oven at 70°C were darker, coarser, and more difficult to

powder. Tables III-A, III-B, and III-C give a sunmary of
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Table III

A Summary of Frecipitation, Washing,
and Orying Technlgues

Table I1I-A Preocipitation

Samole Teohnique & _Thyroxine £ Iodine
28 A, Redissolved and dialized 2,98 6.04
(8 hr) ’
B. Control (isoelectric pre- _
cipitation) 3.07 6.34
(%29 5 A. Bedlsgsolved and dialized 6.41
hr
B. Redissolved 6.11
¢, Control 6.94
Stock A. Precipitated at room temp. 6.38
soln.
B. Control (ppt. at 60°C) 5.99
C. Ppt. in =cid alechol, room
temperature 6,20
D, Fpt. in acid aloohol, 609C » 6.17
E. Ppt. in acld acetone, room
temperature 6,18
F. Ppt. in acld acetone, 60°C 5.85
39 A. Ppt. at room temperaturse 3,06 8.26
(& hr)
B. Ppt. at 60°C 2.78 8.16
€. Ppt. =0id aleohol, room temp. 2.81 7.40
D. Ppt. meid alechol, 60°C 2.73 7.61
B, Ppt. acid acetone, room temp. 2.79
F. Ppt. acid scetone, 60°C 2.88
92 A. PFpt. at 80°9¢ 3.82
(% nr)
B. Ppt. at 60°C 4,13
9% &. Ppt. at 80°C 2.83
(4 nr)

B. Ppt. at 60°¢C 2,71
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Table III-B Washing

Sampie Treatment £ Thyroxine 2 Jodine
Stook A, Acetons wasgh 8,11
. B, Ethanol wash 7,68
o Control 8. 19
38 A. Acetone wash ' 6.82
{9 nr)
B. Control 8,04
a8 &. EBEthanol wash 7. 40
(8 nr)
B. Coutrol 8.04
b3 A. Bthanol wash 2. 59 7.32
{4 hr)
B, Control 2.63 9,12
Ldy A. Ethanol wagh 4,12
{8 nr)
B. Coatrel 3.65
iy A. Ethanol wash 3.15
{4 nr)
B, Conmtrol 3.42
48 A. Ethanol wash 2.79 7.45
{4 hr)
B. GControl 2,49 8.60
Lo A. Ethanol wash 2.38
(& hr)
B. Control 2,29
50 A, Ethanol wash AR5
(4 nr) | |
B, Control 2.38
54 A. Ethamol wash 2,76
{4 nr)

B. Control 2.75
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Table I1I-C Drying

Sample Method , % Tyroxine £ Jodine
24 A, Oven st 70°C 2.30
(& hr)
B, Desieccator 2.29
51 A. Desicocator 2.71
{4 npr) ,
B. Hoom Alr 2.82
55 A. Desloocator : 2.75 8.78
(& nr)
B, Oven at 70°C 2.52 .08
59 A. Degloocator 8.51
(& hr) ,
B. Oven at 70°C ‘ 8.59
87 A. Deslocator 3.78
(& nr)
B. Oven at 70°C 4,03

thyroxine and total iodine values of products preecipltated,
washed, and dried in various ways. Normally, the iodoocasein
was isoelectrically preeipitated with HC1 at 60°C, collected
on & filter fumnel, apd alr- or oven~dried. To reprecipitate,
the sample was resuspended in dilute alkali, warmed and
stirred until redissolved, and then reprecipitated at 60°G,
The samplesg precipitated in acld asleohol and woid scetone
were handled as follows: 50 to 100 ml. of the ilodovcasein
golution were filtered Ilnto & 250 ml. round bottom centrifuge
cup fixed with a stirrer, and precipitated by the slow addi-
tion of an aeid aloohcl solution prepared by adding 20 mi.

of 1N HC1 to 80 ml. of 95% ethanol. When no additional pre-

sipltate formed, the eolid material wss colleoted by centri-



fugation snd dried in the usual manner. Precipitation at
elevated temperatures was sccomplished by first placing the
eentrifuge oup in a water bath at s temperature of 609 and
progeeding ag before. The zoid ascetone preeipitetions were
done in the same way, acetone belug substituted for the 95%
ethanol. The samples listed as being washed only were first
isoelectrically precipitated in the 250 ml. gentrifuge ocups.
The solld material was spun down and the supernatant fiuid
decanted, 50 to 100 ml. of solvent added, and the suspension
stirred for 5 to 10 ninutes; the solid material was recole
lected and the process repeated until the supernatant solvent
layer was clear. Although reprecipitation oy washing with a
solvent often reduced the total iodine content, no consistent
or marked effect was noted on the thyroxine values; likewige
the thyroxine values of products dried in the desiccetor did
not differ significantly from ths thyroxine values of oven
dried products, in spilte of marked differences in the vhysic-
al appearance of the two products.

In another experiment the hydroscopieity of thyropro-
tein samples precipitated in various ways from s stoock solu-
tion was tested. The results as ssen in Table IV show that
there was a slight effect of the precipitation technique upon
the 2 hour exposure sample but that there was very little
change in molsture content of any of the samples on exXposure

to air for 24 hours after thorough desiccation.
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Table IV
An Investigation of Hydroscoploity

7 Hoisture £ Hoisture

after 2 hrs after 24 hrs
Samp. Erecipitation Hsthod SXpogUre expogure
A Dilute HCL at 20%C 3.05 3.85
B Dilute HC1 at 60°C 2.88 3.17
¢ Acid BEthanol at 20°C 2,69 2,45
Aoid Ethanol at 60°C 2.44 2,18
B Acid Acetone at 20°C 2.61 2.70
Aeid Acetone at 60°Q 1.92 1.77

Prom the results of the above mentioned experiments it
wag concluded that there was very little change in the thy-
roxine content of thyrcproteins made by any of the sgimplep
purifying techniques. Therefore the procedure described in
the opening remarks of this section was used for subsequent

preparations.

3. Standard preparations

In order to determine the effect of any varistion
in teckmique on the preparation of thyroproteins, it was felt
that a standard value must be established for comparison.
The technique used was that described pravi@u&ly; using a
two liter round bottom flask with a side arm. Every attempt
was made to elimingte any possible variables which might in-
fluence the per cent of thyroxine in the final produet. In

spite of these efforts, there was large variation in the
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hyroxine values of the *standard preparations®. Also, as
goen in Table V-4, most of the preparations followed the thy~
roxine isotherms reported by Dsbarn835 that 1s, the prepara-
tione whioh had low thyroxine values at 4 hours also had
lower values ot % and 12 hours than the preparations with
high thyroxine wvalues at 4 hours. We therefore concentrated
on establishing a2 &4 hour standard preparation vslue to which
future varialions could be compared. The values used in
establishing this value are listed in Table V=B, In addi-
tion to these values, Table V-B lists the weight in grams of
the final produst. Produects of low potency but high yield
and those of high potsucy but low yield might each yisld the
samd amount of thyroxine. The last column of figures of
Table V~B llsts this caloulation, but it can be sesn that

the relationship does not hold.

4, Papain preparations

In the quest for mew methods by which the amount of
thyroxine formed in lodinated casein could be increased, Os-
bormﬁﬁ theorized that some alteration of the protein moleculs
might facilitate the coupling of dilodotyrosine molecules
which would otharwise be held apart. To test this theory she
used the proteolytic enzyme papain to partially digest the
caseln. A&s stated previously, her first preparation contained
the highest yleld of thyroxiune of any thyroprotein products

yet made., However, further attempts, using the same method,



Sample
dumbey

83

Average
Range
=

Table ¥V

A, Standard Preparations

& hours
2,94
2,86
2.86
2.99
2,22

2,80
2.76
2:50
2.62
2,69
2.79
24 47
2.75
2,42
2,36
2,78
2,00
2.75
2,78
2,19
2.51
2,73
2455

2,62
2 . i.)f)*z?. 99

# Thyroxine
8 hours

3.17
2.91

3,28
3.07
3.34
3.32
3.00
2.86
3.14
3.02
3.06
2,80

315

T

34

3.27
3.20
3.48
3.19
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Table V

B. List of Standard 4 Hour Preparations

Sample

Humber # Thyroxine Wejsht in Grames (Welzht) x (Thyroxine)
72 2,00 58.5 , 117
80 2,19 59.5 130
21 2,22
38 2.36
37 - 2.h2
35 2. 47
30 2.50
81 2.51 58.5 147
83 2.55 59.3 151
32 2,62
33 2.69
82 2.73 59.5 162
36 2.75
77 2.75 58,5 161
29 2.76
3 2,78
76 2.78 59.5 | 165
34 2.79
28 2.80
18 2.86
19 2.86
17 2.94%

20 2,99

Average 2.62 59.0 : 155
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gave only average ylelds, Table VI shows the results of our
preliminary papain exﬁerimenﬁa.

Papain is s proteolytic enzyme which iag 4@@2?@ in both
acld and alkaline states., It has an optimum temperature of
about 70°C and 1s inactivated by oxidizing spents. For the
first experiments, numbers 22, 23, and 26, the same sample of
Garoid (a commercial form of papain which is dried in vaoun)
wag used that yielded @sborn$' her best results.

The following describes alsample Carcid experiment. 500
mg., of Caroid were welghed ocut into a crucible and mixed into
a homogenous paste with a small amount of glycerol., The
paste wes then diluted with a small amount of water and
washed into the flask contalning 60 gm. of camein dissolved
in 1 liter of 1.5% NaHQ0s., The enzyme was allowed to set for
20 minutes at 65%C. Then the KMn0, and iodine were added in
the usual amounts and oxygen bubbled through as the tempera-
ture was raised to 80°C., Ths rest of the incubation and
precipitation were carried out as usual. Approximstely 3
minutes after the additlon of the papain suspension, the
casein solution became cloudy, and at the end of the diges-
tion the caseln solution had s definmite milky sppearance.
During the digestion period the stirrer was slowed down in
order to minimize the oxidation of papain by atmaspherie
oxygen. The welght yield of lodinated casein was deoreased,

but no increase in thyroxine yield was noted,
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Table VI
Pre~Digestion with Caroid
Qaroid Digestion
Sam= wused Time Temp. % Thyroxine
ple. _(gms) (min) (C) = 4 hrs 8 hrs Remarks
22 0.5 20 63° 2.30 13.18) 12 hrs. incubation
23 0.5 35  65° 2.47 s Used mother liquor
26 0.5 45 60-65¢ 2,60 3.05

¥y 0.5 15 60-62° 3,30 3.51 Fresh sample of

Caroid

¥. 0.5 185 58-61° 3.32 3.39

b2 0.5 15 58-59° 3.96 4,14

43 0.5 20  55° 2,63

iy 0.5 20 55-60° 3.25 3.65

4y 0.5 20 57-60° 3.11 3.65

W 1.0 10 60-62° 3.15 3,42

by 1.0 15 53-55° 3,42 45 cm. yield
L8 0.250 15 59=60° 2,49 58 gm. yield
9  0.250 20 56-58° 2,29

The mother liquor of preparation 22 was used, with ad-
ditional NaliCOa, to dissolve the casein for experiment 23.
This time the 50U mg. of papain were allowed to amet for 35
minutes ab 65*C before the regular procedure was carried out,
In a third preparation, number 26, 500 mg. of papain were
allowed to set 45 minutes at 65°C. In none of these early
preparations was any increase in thyroxins formation noted.

In later experiments, numbers 40 through 49, a fresh sample
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of Caroid wes used, and a marked increase in the yield of
thyroxine was obtained. Preparation 42 contained 4% thy-
roxine at the end of 4 hours 1n¢ub&ti@ﬂ, and many of the
others were well abavevt&@ range of non-digested preparations.
In this brief series of experiments the highest yleld was ob-
talned by digesting the oamein with 500 my. of Caroid for 15
minutes. Further varlations in the amount of Caroid used
and time allowed for digestion yielded products with a smalle
er inorease in thyroxzine percentage. A cloudy supernatant
fluld was left in many of these papain preparations after
isoelectric precipitation. Precipitation of these suspen-
slons with ethanol led to a product which weighed approxi-
mately 2 gm. and contained less than 1,0% thyroxine.

In another series of prepsrations, numbers 50 through 71,
a purified sample of papain (Mefford) was used to digest the
protelin in a procedure simllar to that desoribed above using
Caroid, The results of these experiments are listed in Table
VIiI. Ase was noted in the previous experiments with papain,
the total welght of thyroprotein precipitsted at the end of
incubation was less in digested preparations than in standsrd
non~digested preparations. Also there is some correlation
between the decrease in welight yileld and degree of dlgsstion.
For instance, in experiment 71 1,00 gm., of papsin was al-
lowed to act for 30 minutes and the final yield was 37.2 gm.,
a deerease of almost 40% from the average 59 gm. of non-

dipested preparations. When only 200 mg. of papaln were used



Sample

51
52
53
54
55
56
57
58
59
60
61
62
63
6l
65

67
68
69
70
71

Predigestion with Purified (Hefford) Papain

Welght of
Fapain

0. 200
0,200
0.500
0.250
0. 200
0.300
0. 200
0. 300
0. 250
0.200
0. 200
0. 200
0.200
0, 200
0. 500
0. 500
1.00

1.00

0. 500
0,500
0. 500
1.00

Table VII

Digestion
e (m

30
k5
45
hs
60
b5
30
30
3G
30
30
60
k5
bs
30
25
i3
10
15
b3
60
30

39

2 Thyroxine  Height

2,38
2.71
2.78
3.02
2.74%
2.75
2.43
2.23
2.81
2.13
2,02
2.03
2.18
2.20
2,66
2.22
2,66
2. 51
2.70
2.58
2.37
2,92

50
52
b5

o

52
52.5
55
51
53.5
53
43
bz
k3.5
1.5

- 50.5

bk, 0
ha,2
37.2
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for the same period, the weight loss was approzimately 107.
lone of tha preparations digested with Mefford papain showed
any significant 1mereaé@ in thyroxine formation above control
values, in spite of evidence of partial digestion such a8 the
milky asppearance and weight decrease. A further varistion in
brocedure was tried in this series. Starting with prepara-
tlom 59, the 60 gm. of casein were dissolved in 1 liter of
water containing only 4 gm. of NaHCOs, and the digestion with
papaln was carried out in thie solution at pH 7.2. At the
end of digestlon, 11 gm. of NaHCOs were added with the usual
amounte of KMnl, and oxygen to bring the total amount of
NaliCOg to 15 gm. for the iodination and incubstion phase,
Although there was no increase in thyroxine content 13 the
thyroproteins digested at this lower pH, this procedure (di-

gestion at pH 7.2} was used in subsequent experiments.

5. Activated papain preparations

The chemistry of the enzymatic action of papain is
complicated and its complete discussion is beyond the scope
of this thesis. However, it is well established that the
proteolytic activity of papsin is increased by activation
with a variety of substences, all of which are reducing agents,
Also, there is some iﬁdioationa. that the proteolytic activity
is altered qualitatively by some of these aoctivating agents.
The next series of thyroprotein preparations were digested

with activated papain suepensions. Samples of 5.00 gm. of
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Nefford papain were ground to & smooth paste 1n a mortar with
the ald of & small amount of glyocerin. The paste was then
transferred to a gradusted cylinder and distilled water addsd
t0 mawes 100 ml., and HgS was bubbled through the suspension
for 60 wminutes. During this time a white floeculent prsélp*
itate forwed on the upper part of the cylinder. This was
worked down into the suspension as well ms possible. An ali-
quot of this suspension was then pipetted into the reaoction
solution, which contained 60 gm. of ocasein, 4 gm. of NaHCO,,
and 1 liter of water at 65°C. The digestion was allowed to
progeed for varying lengths of time before the addition of
EMnO,, NaliCly, oxygen, and iodine. Within one minute after
the addition of the aotivated papain suspension the mixture
appeared milky.

Table VIII lizts the thyroxine values of a seriss of ex-
periments in which the papaln used for digestion wae activated
with HpS. Although the effeots of the sctivuted papain were
clearly seen in these early experiments, a more convenient
technique of activation was developed. Samples 73, 75, 76,
and 86 were prepared with the papain asctivation sbove. All
other activations were earried out as below. The papain was
welghed out and made into a paste ag before. However, after
tranaferring the paste to the graduated cylinder an equal
amount of water previously saturated with HyS was added, and
the half saturated séluﬁi@n wag lncubated in the oven at

L5°C with frequent agitation for 1 hour. The concentrations



Sam-
ple

117
116
122
95
102
75
90
93,
76
92
121
132
134
93
101
120
9%
127
136
73
118

Table VIII

bz

Four Hour Preparutlons Predigested

Welight of
~Papain
100
100
100
250

with HeS Aotivated Papain

Digestion

5
30
60

15
15
15
30
30
30
30
30
60
60
60

% Thyroxine
IR -, .=
2.56
3.13
3.39
2,83
2.76
3.19
2.97 3.16
3.32
3.37
4,00
3.61 3.71
3,64
3.53
3.87
3.18 3.60
3.76
3.38
3.06 3,29
3.42
3.22
3:§@

2,80

3.36

¥ield of Product
B

51.9
43.9
38.8
48,6
51.1
43.0
i, 2
42,1
38.5
29.0
32.0
32,3
35.2
31.4
30.5
29.0
39.8
45.8
2.6
35.5
34,1



43
Table VIII {continued)

Sam- Welght of Digestion £ Tayroxine Yield of Product

ple _Papaln  __ Tiwe Avg, (grams )
86 500 20 3.70 335
87 500 30 4,03 27.3
88 500 30 b1l 4.00 30.8
128 500 30 3.85 27.2
97 - 500 60 3.87 , 23.5
124 500 60 3.79 7+63 23,2
98 1000 5 3.43 | 37,0
100 1000 15 3.89 29.0
89 1000 30 3.79 20.3
99 1000 60 3.51 - 18,0

were adjusted so that the suspensions contained 100 mg. of
papain per mi,.of HpS treated water. In an effort to find
the optimum conditions for digestion, the amount of activated
papaln used for digestion was varied from 100 to 1000 mg. and
the time of proteolysis varied from 5 to 60 minutes, Agsin
we see the varlation in thyroxine yield im products Prepared
with supposedly identical conditions and ingredients that was
seen in our efforts to establish a standsrd value. However,
there is 'an overall very sigmificant elevation in thyroxine
values, and three values are over &%, an increase of over 50%
above the average of the standard presparations, Figure 3

- shows graphieally per cent thyroxine plotted against time of



Flgure 3
PER CENT THYROXINE V3, DIGESTION TINME
(Data from Table VIIL, pages 42-43)

These pamples were zll predigeated wlth HuE activated
papain, 100, 250, 500 and 1000 mg., portlons of vapsin wore
allowed %o digect the ecaseln For nerieds varying from 5 to
60 min, The per ocent thyroxine of the resultant products

ig plotted against the time allowed for digestion.
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Pable IX

Incubation Time and Temperature Variations

on Ha3 Actlvated Papain Preparations

A, Predigestion with 250 mgs.
‘ of gl Activated Papaln
for 30 Minutes

Samole Incubstion Tige £ Thyroxine

129 24 hours 4.38
130 12 @ 3.93
Average

Table VIII & » 3.71

B. 4 Hour Preparations Digested
250 mgs. Aotivated Papain
for 30 minutes

Sazple Ancubation Temp, % Thyroxine
131 95 ¢ %, 09
TanlaSyIII 8o° ¢ 3.71
133 65° ¢ 2.69

500 mgs, for 5 minutes

125 | 95° ¢ 3.50
Average _
Table VIII 80° ¢ 3.06

30.5
3.2

35.2

39.7

k5.8



b7

activated papain digested products was made by digesting the
casein in the mother liquor of a previous experiment. Howe
ever, the yield, after digestion with 250 mg. for 30 minutes
and with the usual lncubation procedures, was only 21 Bhe ,
which compares unfavorably with the usual amount of 30 gm,

The time course of thyroxine formation in aotivated
papaln preparations was compared to that of stsndard prepara=
tions by taking frequent samples from a large scale opera=
tion., 300 pounds of casein were digested for one half hour
at 65°C with one pound of papain which had been suspended and
~activated in five gallonzs of one-~half saturated HpS water,
Iodine, KMnO, and oxygzen were then sdded and the incubation
carried on in the usual manner. The results of two such ex~
periments are listed Iin Table X, as are those of two non-di-~
gested runs; this data is presented graphleally in Figure 4,
The digested preparations have reached, in five hours, values
geen in standard preparationg only after 20 hours or more in-
cubation, Also, after 8 hoﬁrs, the digested preparations
reached over 4%, a value rarely achleved in standard prepara-
tions.

Another seriles of experiménts was performed in which the
papain golution was activated with oyanide. The papair was
welghed, made into a paste with glycerine and water, and
trensgferred to a gradusted cylinder as before. .2N KON was
added and titrated to pH 7 with 1.0 N HC1l so that the final

concentration contained 10 mg. of papsin per ml. of neutral~



Tabls X

Time Course of Thyrozine Formation
from Large Seale Preparations

Activated Papailn Preparations

A. 1 1b. papain/300 lbs. B, 3/4% 1b. activated papain/
cassin 300 lbs. cazein
Time (hours) £ Thyroxine Time (hourg) £ Thyroxine
QQ‘ » 1 » 6‘4’ Qi& 1 * 3 ?
1 1.93 1 1.95
2 2.61
3 2,61
4 3.21
: 3.69
6 3.95
7 4,00
8 4,32 8 3.88

Standard Large Scale Preparations

A B.
Time {hours) Z Thyroxine Pime (hours) £ Thyrexine
o 1.12
1 b %, § 4 p § 1.46
2 1.88
k4 2.21
5 2,38
8 3.02
il 3.02
12 3.20
135 3,40
16 $.29
18 . 58
20 3.65 P |

*Qﬂ;&g& sample was taken just after all the iodine had been
il S,



Figure 4
TIME COULSE BELATIONSHIPS
(Data from Table X,
page 48)

Humerous samples were taken from lar;e scale pro-
ductions. Two preparaticus wore made using predigestion
with HaS activated papain ard two wers standard DIADAT e
tions. The per eent thyroxine is plotted agslnet incuba-

tlon tine.
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ized C.1M KCN, For example: 1.00 gun. of papain was dis-
solved in 50 ml. of 0.2M KGN, titrated with 8.5 wl. of 1.0 N
HCL (under the hood), and the solution made up to 100 ml.
The mixture was then inocubated in the oven at 45°C for 45
mlnutes, The KCN activated papain was then used to digest
the caseln in the same manner as with He8 activated papain.
Table XI shows the results of this series,

) Tables XI

Four Hour Preparations Digested
with ECN Activated Papain

Weight of Digestion

Ssmple Fapain =~ _time _ Z Thyroxine Welght Yield
109 100 5 2.52 56.0
11k 100 30 2.70 k1.7
113 100 60 3.10 37.5
106 250 5 2,51 49,1
107 250 5 2,56 51.5
105 250 30 3,93 29.3
112 250 60 3.85 23.3
104 500 5 2,90 38,8
103 500 30  3.18 20,6
108 500 60 2,84 17.5
115 1000 3 2.76 33.7
110 1000 30 2,57 2.4

Although the number of sxperiments does not warrant any

final aonolusibns, many of the prepapraticns were well above
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those prepared without digestion., The highest values were ob-
tained by digestlon with 250 mg, of papain. Higher amounts

of papain 4ld not give as great an inorease in thyroxine yield
although an increase in the amount of digestion was seen by
the decresse in lodocasein yield whioch was ss muoh ap that
found with HeS activated pepain. Due to the toxic nature of
eyanide, further investigations in this field were mot under-
taken,

6. The Bffects of Prolonged Storage

Another interesting effect was discovered mors by
accldent than by intent. 4 125 ml. Brienmeyer flask containe
ing the unpreoipitated solution of preparation 39 was ined-
vertently left 1n storage for 15 months. On precipitationm,
the thyroxine comtent was found to be 6.44%, In order to
substantiate this effeot of prolonged storage, another sample,
no. 137, was prepared by the standard method, and aliquots
wers precipitated at various intervale. These results are

listed in Table XII.

Table XII

Effect of Storage at Hoom Temperature
on Thyroxine Formation

Sample Incubation Procedure  Storage Time £ Thyroxine

39 8 hrs. inoubation 80° 0o 3.15
15 months 6. lidy

137 b hrs, incubation 80° 0 2.60
3 days 2,48

3 weeks 2.74

3 months ﬂ.l?

20 months A7
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III. DISCUSSION

The reastion of coupling of two dilodotyrosine molecules
to form thyroxine has been previously discussed in the introw
duction to this thesis and the better known conditions neceg-
sary for its ooourrence have been reviewed, Some new light
has been shed on thie subjeet by our experimental findings.
Since the amount of thyroxine formed in intaet proteins is
not direetly proportional to the content of tyrosine (see
reference 36 for a review of the various proteins and their
thyroxine comtent), one can assume that the spsclal arrange-
ment of tyresine is an important factor. Our efforte to ine
crease the thyroxine yield by partial digestion of casein
with purified papain preparations were to no avail. Hoochs
g&,glsa also found that the peptones of casein, formed by
partial digestion with pepsin, contained far less thyroxine
than the intaot ocasein when iodinated by Heineke and Turner's
method, In this laboratory an attempt was made to lodinate
a pepsin hydrolysate of casein by the ususl technique; the
amount of thyroxine formed was negligible.

When the oasein is partially digested with papain whioch
has been activated with HgS or KCE, thyroxine formation is
g?&&tl? enhsnced. Therefore the activity of this enzyme has
been altered in such a way that the products formed from its
action on casein have tyrosine molecules in an advantagesous

poglition for coupling and thyroxine formation., Our highest
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yleldes of thyroxine were obtained after the casein had been
digested by 500 mg., of HyS activated papzin for 30 minutes.
Purther digestion, either by prolonging the digestion time
or inereasing the amount of papsin, led to products which
contalned less thay maximum amounts of thyroxine. Therefore
we may agsume that the size of the peptide chain was optimum
for thyroxine formstiom at this time.
| Bergman @&,gléﬁ have shown that activation of papain
with Hegd, KCN, and other agents alters the proteolytie uo-
tivity in such a way that peptides and even amino acids are
found in the digestant, He also hag investigated the spe-
eificivy of activated papain on synthetio peptides, and ale
though certain preferences as to site of hydrolysis are
demonstrated, no spescific pattern has yet been evolved.

Pitewaivargaa has studied this coupling reastion by use
ing synthetic peptides containing diiocdotyrosine. 8he has
incubated various peptide solutions under oxidative condi-
tione and found wide varistions In the amount of thyroxine
formed by various peptides, For instunce N~bengoyl=3,5,-
diiodotyrosine formed almost no thyroxine, while Neacetyl~
3,5,~dilodotyrosyliglutamic acid formed up to 367 after inocu~
bation at 38°C for 1l dsys.

With continued studies it is possible that enough ean be
learned of the kinetics of this coupling reaction to enable
us to find precisely the peptide stractures whioh are neces-

sary for maximum thyroxines formation., At the present time
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tiile thesls presents a method by which high potency icdinated

casein produsts can be preﬁareﬁ within a short period of time,
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Iv. PRELIHIHAHYJIKVES?IGATIONS
OF THE ASSAY PROCEDURE

One of the maln eriticisms of the chemissal agsay used to
determine thyroxine in the experimental work Just presented
ig the poasibility of high values being obtained by contamina=
tion of the butanol fraction with nom=thyroxine jodine-con-
taining compounds. Pit%wﬁivarﬁgs has shown that 3,5~-dilodo-
Lbehydroxybenzaldehyde is an oxidation product of dilodotyro-
8ine and ig found in the hydrolysates of some thyroproteins,
It iz also earried along with thyroxine in the butanol ex-
traction and 18 not removed by reextraction of the butanol
with alkali. In order te test the effects of thie compound
on our a@say procedure and also to see if the inorease in
value we obtalned in papain preparations was due to thie con~
taminant, the following experiments were undertaken.

3, 5-di1odo~b-hydroxybenzaldehyde was prepared according
to Paala?. 12 gm., of parahydroxybenzaldehyde (Esstman) were
dissolved in 50 ml, of ethenol mixed with 25 gm. of iodine
dissolved in 90 ml, of ethanol. 2.1 gm. of Ia0g dissolved in
300 ml. of water were added and the mixture was refluzed for
30 minutes, aaéla&, end the residue collected on a filter
funnel. The precipitate was washed twice with 100 ml. of 10%
Nal50s, acidified to econgo red with HCl, washed with water
and drled. The orude material was then purified by re-

erystallizing from hot ethanol with the 2id of & small amount
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of aoctivated sharcoal. After repeated recrystallizationa s
white compound was obtained which melted at 194-197°C with
decomposition. Paal's acmpound decomposed at 198-199°(¢.

The yleld wuas B.5 gm.,, 307 of theoretiocal. The oxime of this
aldehyde was prepared according to Schriner and Fua@naa.

0.5 gm. of hydroxylaminehydrochloride was dissolved in 3 ml.
of water. 3 ml, of 2.5 N KaOH and 0.2 gm. of the aldehyde
wore added with 1 ml. of ethanol. The mixture was warmed in
boiling water for 15 minutes and then placed in the refrigera-
tor over night. The orystals of oxime were collected by cente
rifugation and recrystallized from 50% ethanol. The melting
point was 201-202°C with decomposition. Thisg agrees well
with the 203°C found by Paalgg. The phenylhydrazone was more
difficult to prepars, and the orange crystals formed very
slowly and in poor yleld. The melting point of & product

from a single recorystallization was 168°C with decomposition,
considerably higher than the 160°C reported by Paal.

The first experimental assaye were carried out to follow
the aldehyde through the normal asgsay procedure. when 1 gm,
of ocasein end 32,8 mg. of 3,5-dilodo-U~hydroxybencaldehyde
were hydrolyzed together, 24 mg., of iodine or 43.2% of the
added aldehyde showed up in the butanol layer. When thyro-
gine and the aldehyde were hydrolyzed with casein, the butanol
layer contained an additional 33% of the added aldehyde as-
suming 100% recovery of thyroxine. In the next series of ex~

periments we tested the abllity of various solvents to extract
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this aldehyde from an acld aqueous solution., 20 ml, aliquots
of an aqueous golution of 3, 5~dilcdo~d=hydroxybenzaldehyde
werse pipetted into a series of separatory fumnels, The solu~
tione were scidified with dilute HCl to a yellow color with
bromoeresol green and then extracted with 20 and 10 ml., por-
tione of the following solvents: butanol, sther, chloroform,
carbon disulfide, sarbon tetrachloride, beuzene, toluene, and.
Zylene, The solvents were then evaporated under the hood and
the lodine determined as in the normal thyroxine method., All
the solvents extracted a major portion of the aldehyde. The
highest, butanol, extracted 99%. Chloroform and carbon tetra-
chloride extracted B4 and 90%, respectively. This series of
soivents was then tested on a solution contalning only thy-
roxine, Butanol extracted 99% of the thyroxine. All the rest
of the solvents extracted 2% or less. Re-extraction of the
thyroxine solutions, which had been extracted pﬁeviaualy with
shloroforam and earbon tetrachloride, with butanol yielded

$7% thyroxine recovery, When an iodccasein hydrolysate was
extracted, all the solvents except ehloroform and carbon
tetrachloride formed emulsions which realsted all efforts to
geparate them. For conveniance chloroform was uged in sub-
sequent experiments. Various iodocasein preparations wers
assayed by the stundard method and the results compared Lo
those obtained by extracting the scidified hydrolysate with

two 20 ml. portions of ohloroform prior to extraction with
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butanol. The results are caloulated in terms of thyroxine
and are listed in Table XIII.

Hepeated afforts to isolate 3,5-dilodo~d=-hydroxybenzal-
dehyde from hydrolysates of lodocasein were to no avail., 350
gm. of iodocasein were carried through the regular assay ex-
traction on & corregpondlng large socale and the residue from
evaporation of butanol extracted with several portions of
ether, Isolation of the ether soluble residue yislded only
a fatty material, M.P. 70°C and a tar which we were not able
to erystallize.

The experiments reported asbove are just preliminary in-
vestigatlons and no final conclusions can be drawn., We have,
however, confirmed the {findings of Fitt-ﬂivarsa‘ that 3,5~
dilodo-d=hydroxybenzaldehyde will follow thyroxine in the
regular assay procedure and, if present in the lodocasein
hydrolysate, will be determined as thyroxine., We hﬁve also
found that ohloroform and other solvents will ﬁxﬁr&et a major
gartiaﬁ of this aldehyde from the hydrolysate without appre-
clably lowering the thyroxiune concentration. If the major
portion of chloroform extracted lodine iz im the form of this
~aldehyde, = rough estimation ghows that Llodocasein prepara-
tions contain from 8 to 33%. (Since thyroxine is 657 and
3,EuﬁiiaaawQwhyéroxyb@nzaldehyd@ is 68% iodine, no corrsc~
tion was made for the thyroxime faotor used in these calcula~-

tions. ) Both standard and papain preparations were tested



Table XIII

Comparison of Assay Besults
with and without
¢hloroform Extrsotion

sample and Desoriotion
L gm. assay control +

13.2 mg. 3,5-dilodowl=
hydroxyobenzaldehyde

Apsay esontrol product
(ses page 23)

Large scale papain
preparation

No. 34
& nr. routine prep.

No. 72
Low walue & hr. rou~
tine preparation

No. 83
& hr. routine prep.

o, 92
Activated papain prep.

Ho. 134
Activated papain prep.

o, 39
Prolonged storage preép.

Routine
CHClg

Houtine

CHGL 3

Boutine

CHCls

Houtine
CHCl g

Routine
CHCl 5

Routine

CHCL g

Boutine
CHClg

Houtine
CHClg

Houtine

CHCLg

# Thy-

4,99
3.52

3.70
3.39

k., 06
3.38

2,54
2,23

1.88
1.25

2.51
2.08

3.96
3+13

3.51
2,69

6.17
5.18

Differ~

Procedure roxine _sence

1.47

« 31

.68

.31

.63

43

«83

.82

+99

59

% Loss (ae

Thyroxine)

8%
17%
128
33%
17
21%
23%

16%
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and eaeh group showed an average 20% decrease in “thyroxine®
wlth chloroform extraction, Therefore we can assume that the
inorease in thyroxine value obtalned by predigestion with

astivated papaln is not due to an inorease in this aldehyde,



SUMMARY

The effects of many factors on the formation of thyroxine
in lodinated casein have besn studled, using s method pre-
vioualy developed in thisz laboratory by Gsbmrnag, The yield
of thyroxine was not appreciably altered by variations in the
guality of a number of Ingredients including casein, iodine
and NaliC0g., Changes in the physiocal appearance of the final
iodocaseln product caused by variations in the precipitation,
washing and deying techniques also dld neot slter the thyrox-
ine content.

Inoreases in the thyroxine content by predigestion of
the casein prior to iodination with Caroid (commercial
papain), were found previously by Qabarnag and duplicated by
us when fresh Carold was used, However, we obtained no in-
oreage in thyroxine with older sampleg of Caroid and also
found purified papain to be ineffectivae in spite of evidence
of good proteolytic activity.

When the papain used for digestion was first activated
with Had or KCH, a marked increase in thyroxine yleld was ob-
tained. This inorease reached a maximum when 300 mg., of HsS
aotivated papain were allowed to digest the casein for 30
minmates at 65°C. Using this procedure iodocasein products
ocontaining over 4% thyroxine were prepared with only 4 hours

of incubation. The weight yield of these digested products



was considerably below that of non~digested uroducts. We
also found a sample tb contain large amounts of thyroxine
after storage of the wnprecipitated solution at room temperas
ture for long periods,

Some preliminary experiments on the assay procedure were
carried out, J3,5-dllodo-k-hydroxybenzaldehyde, a by-product
of dilcdotyrosine oxidation, was found to fallew*thywoxiﬁa
in the usual course of extractions. - Preliminary extraction
of the adqueous hydrolysate with ohloroform prevented the oone
tamination of the thyroxine fraction with this aldehyde., The
inorease in thyroxine formation found in our sotivated papain

preparations is not due to this aldehyde.
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