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individuals and laboratories referred to in Table I
for furnishing us with the samples which made
this investigation possible.

Summary

A series of protein, enzyme, hormone, and mis-
cellaneous preparations have been assayed for B
vitamins, Only traces have been found in most;
however, inositol appears to be a constituent of
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purified amylase and the impure carboxylase
preparations available contained a suggestively
high content of nicotinic acid in addition to the
thiamin already known to be present. The
viruses investigated were found to be nearly de-
void of B vitamins, and in this respect they ap-
pear to resemble “inanimate’” rather than “ani-
mate’’ matter.
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Some Experiments on the in vitro Formation of Thyroxine from Diiodotyrosine

By ArcHIE E. BARKDOLL! aAND WILLIAM F. Ross!®

Following the report of von Mutzenbecher®
that thyroxine is readily formed in wvitro from
diiodotyrosine as well as from iodinated proteins,?
considerable interest has been expressed in the
nature of the reaction. As normally carried
out, slightly alkaline digestion of diiodotyrosine
over a period of two weeks gives a very small
quantity of thyroxine. Block?® repeated von
Mutzenbecher’s work using completely synthetic
diiodotyrosine in order to eliminate the possibility
that a trace of impurity, responsible for the
thyroxine formation, had accompanied the tyro-
sine from its natural source. Johnson and
Tewkesbury* made a further study of the reaction,
obtaining a slight increase in the yield of thyrox-
ine on the addition of hypoiodite to the solution
and establishing pyruvic acid and ammonia’ as
further products. As a result of their work, they
postulated a mechanism evolved from the work
of Pummerer® on the oxidation of o- and p-
substituted phenols in alkaline solution. Their
paper may be consulted for the proposed mechan-
ism. We have made additional observations on
the nature of the reaction, which throw further
light on several points.

It appeared plausible that thyroxine may have
been formed by the oxidizing action of the
iodine solution originally used for the preparation
of the dilodotyrosine rather than during the
incubation of the diiodotyrosine. This possi-
bility was climinated when a sample of crude
diiodotyrosine, as it was obtained from the
iodination reaction, was subjected to butyl al-
cohol extraction for thyroxine. No thyroxine
was found.

It was equally possible that a small amount of
precursor was formed during the iodination and

(1) (a) Present Address: Experimental Station, du Pont Com-
pany, Wilmington, Delaware. (b) Present Address: Shell Oil Com-
pany. Inc., Wood River, Ilinois.

(1) (c) von Mutzenbecher, Z. physiol. Chem., 361, 253 (1939).

(2) Ludwig and von Mutzenbecher, ibid., 368, 195 (1939).

(3) Block, J. Biol, Chem., 185, 51 (1940).

(4) Johuson and Tewkesbury, Proc. Natl. Acad. Sci., 28, 73 (1942).
(5) uminerer and Rieche, Ser., 89, 2161 (1926).

that this and not diiodotyrosine was converted
into thyroxine during the long incubation period.
A quantity of diiodotyrosine was therefore very
carefully purified, but the yield of thyroxine
after digestion was not altered.

To further eliminate the role of a small amount
of accompanying impurity, diiodotyrosine which
had already yielded thyroxine by incubation, was
recovered, purified aud re-incubated. Again thy-
roxine was formed.

In order to prove or disprove that oxidation,
presumably by air, is involved in the formation
of thyroxine, a solution of diiodotyrosine was
incubated in an oxygen-free system under the
usual conditions; it yielded no thyroxine.
Whereas diiodotyrosine recovered from experi-
ments carried out in the presence of air contain
much brown, amorphous material, the diiodo-
tyrosine recovered from this experiment was
crystalline and only slightly darker than the
starting material.

Conversely, the yield of thyroxine from a given
amount of diiodotyrosine was increased by pass-
ing a slow stream of carbon dioxide-free air
through the solution during the incubation.

In view of the work of Pummerer, & al.% it
was thought that incubation in the presence of a
small amount of potassium ferricyanide might
increase the yield of thyroxine. This appeared
to be too drastic an oxidizing agent, however, as
no thyroxine whatever was forined and the di-
iodotyrosine was converted to a dark brown
amorphous substance.

A possible intermediate in the formation of
thyroxine would be 3,5-diiodo-4-hydroxybenzoic
acid, formed through the oxidative degradation
of diiodotyrosine. An incubation carried out
in the presence of this compound, instead of
increasing the yield of thyroxine, completely
prevented the conversion.

It was also found that 2,4,6-triiodophenol
would not act as an intermediate to increase the

(6) Pummerer, Puttfarcken and Schopflocher, ibid., 58, 1808
(1425},



June, 1944

yield. The normal amount of thyroxine was ob-
tained in the presence of this substance.

Experimental

3,5-Diiodotyrosine Dihydrate—This substance was
prepared from [-tyrosine by the method of Bauer and
Strauss.” It crystallizes as the dihydrate, which fact was
overlooked by these authors but was pointed out by Savit-
skii.2 From 32.6 g. of tyrosine, in a typical experiment,
62g. (66%) of diiodotyrosine dihydrate of m. p. 198° (dec.)
was obtained.

Thyroxine from the Alkaline Digestion of Diiodotyro-
sine.—The procedure of earlier workers!.? was adopted for
our experiments. This involved digestion of 14 g. of di-
iodotyrosine in 325 cc. of 0.1 N sodium hydroxide at pH
8.8 for two weeks at 37.5°, followed by isolation of the
thyroxine through its butyl alcohol-soluble potassium salt.
From 25 to 40 mg. of thyroxine was normally obtained.

No Thyroxine from Undigested Diiodotyrosine.—A solu-
tion of 14 g. of diiodotyrosine dihydrate in 25 cc. of 2 N
sodium hydroxide was extracted with twelve 25-cc. portions
of wet n-butyl alcohol. On working up the combined butyl
alcohol extracts by the usual procedure none of the potas-
sium salt of thyroxine was obtained.

Digestion of Analytically Pure Diiodotyrosine.—Crude
diiodotyrosine (30.2 g.) was dissolved in 175 cc. of 0.85 N
hydrochloric acid, treated three times with activated car-
bon and crystallized by the addition of 20 g. of sodium ace-
tate in 30 cc. of water. The dried product weighed 17.7 g.
and melted at 202° (dec.).

Anal. Caled. for CyH O3;NI,:
58.41.

Fourteen grams of this product digested in the usual
way yielded 24 mg. of thyroxine; m. p. 228 (dec.).
Digestion of Recovered Diiodotyrosine.—A solution in
180 cc. of 0.12 N hydrochloric acid of 41.3 g. of diiodo-
tyrosine recovered from previous runs was filtered free of
brown, amorphous material, saturated with sulfur dioxide
and treated twice with activated carbon. The diiodo-
tyrosine was crystallized by the addition of 40 cc. of 509,
sodium acetate. It was then recrystallized from 0.1 N
hydrochloric acid by the addition of sodium acetate to
give 17.1 g. of light yellow crystals melting at 200°.
Incubation of 14 g. of this recrystallized diiodotyrosine
in the customary manner gave 39 mg. of thyroxine.
Digestion of Diiodotyrosine in the Presence of Potas-
sium Ferricyanide.—Ten grams of diiodotyrosine di-
hydrate and 3.29 g. of potassium ferricyanide were dis-
solved in 231 cc. of 0.1 N sodium hydroxide, and the pH
of the solution adjusted to 8.8, After the usual incubation
period the solution was black. A dark brown amorphous
precipitate was thrown out by acidification. This was ex-

I, 58.62. Found: 1,

(7) Bauer and Strauss, Ber., 68, 1108 (1935).
(8) Savitskii, J. Gen. Chem. (U. S.S. R.), 9, 1342 (1939).
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amined in the usual way for thyroxine, but none was ob-
tained.

A control experiment run sitnultaneously with the same
diiodotyrosine gave a good yield of thyroxine.

Digestion of Diiodotyrosine in the Presence of 2,4,6-
Triiodophenol and of 3,5-Diiodo-4-hydroxybenzoic Acid.—
A. A mixture of 10 g. of diiodotyrosine dihydrate and 2.28
g. of triiodophenol, prepared by the method of Datta and
Prosad,’ was added to 280 cc. of 0.1 N sodium hydroxide.
The solution, of pH 9.0, was placed in the incubator at,
37.5° for fifteen days, although the triiodophenol was not
entirely dissolved. The mixture was shaken daily to main-
tain saturation. After eleven days the pH had fallen to
8.7; it was raised to 8.9 and the solution digested five more
days. The undissolved triiodophenol (1.68 g.) was
filtered off and the solution worked up in the usual way for
thyroxine, of which 29 mg. of m. p. 227° (dec.) was ob-
tained.

B. . A'mixture of 10 g. of diiodotyrosine dihydrate and
1.56 g. of diiodohydroxybenzoic acid,? was added to 250 cc.
of 0.1 N sodium hydroxide. All the diiodotyrosine dis-
solved but an appreciable amount of the benzoic acid re-
mained undissolved. The system was incubated at pH
8.8, 37.5°, for fifteen days with daily shaking. The acids
were precipitated by acidification and extracted in the
usual fashion for thyroxine with a negative result. :

Identification of Thyroxine.—The sample of our syn-
thetic thyroxine employed for analysis and physiological
testing was purified® by conversion into the potassium
salt, followed by regeneration of thyroxine. This proced-
ure was repeated three times. The material was obtained
as microcrystalline sheaves and rosets, m. p. 233° (dec.).
The sample was dried before analysis over phosphorus
pentoxide for one hour at 100° (1 mm.).

5/1801. Caled. for C;sHuyO4«NI,: I, 65.34. Found: I,
65.10.

The material gave a deep red color with nitrous acid and
ammonia,!! a specific reagent for ortho-iodophenols.

The method of Gaddum!? for the qualitative assay of
thyroxine and thyroid active substances by the use of tad-
poles was employed for physiological testing. Our material
proved to be fully as active as crystalline thyroxine, ob-
tained from E. R. Squibb and Sons, in producing meta-
morphosis in tadpoles (rana sylvatica).

Summary

Some experiments on the im vitro formation
of thyroxine from diiodotyrosine are reported.
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