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During recent years, the fact that substances with thyroidal activity can 
be formed by the simple iodination of proteins has become well established. 
Abelin and Florin (1) and Abelin (2) reported the recovery of highly active 
acid-insoluble fractions from barium hydroxide hydrolysates of iodo- 
proteins. Abelin and Neftel (3) demonstrated that both the type of 
protein and the iodination method used are important factors in deter- 
mining the activity of the final product. Hydrolytic products of iodinated 
native proteins showed marked activity. Direct iodination of peptone and 
ereptone, on the other hand, failed to yield substances with thyroidal 
activity. Iodination in bicarbonate yielded better results than in ammonia 
solution. 

Ludwig and von Mutzenbecher (4) confirmed by Harington and Rivers 
(5) succeeded in isolating thyroxine from iodinated casein after hydrolysis 
with barium hydroxide. 

Lerman and Salter (6) reported the correction of myxedema in human 
patients and in thyroidectomized rabbits by the administration of iodinated 
serum protein and its acid-insoluble degradation products. In our own 
laboratory the administration of iodinated casein in graded doses to young 
thyroidectomized goats arrested the development of cretinism and stimu- 
lated growth in proportion to the amount of material given (Reineke and 
Turner (7)). 

Earlier work (unpublished) indicated that the iodination of casein or 
skim milk by a variety of procedures led to large differences in activity, 
apparently due to variations in several factors or combinations of factors. 
This suggested the desirability of establishing more definitely the condi- 
tions influencing the reaction whereby substances with thyroidal activity 
are produced. 

* Contribution from the Department of Dairy Husbandry, Missouri Agricultural 
Experiment Station, Journal Series, No. 798. 
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286 IODINATION AND THYROIDAL ACTIVITY 

EXPERIMENTAL 

Iodination Procedure 

Two different series of iodinated proteins were prepared in order to deter
mine the effect of progressively increasing iodine on their thyroidal activity. 

Series I was prepared by t.he direct iodination of skim milk. 700 m!. 
of skim milk were placed in a glass jar, 5 gm. of sodium bicarbonate were 
added, and the container was placed in a water bath maintained at. 38-40°. 
The mixture was agitated vigorously and continuously by means of a glass 
stirring rod with a triangular foot, attached to a motor stirrer. Finely 
powdered iodine was then added at intervals, and in small amount.s, over a 
period of 3 to 4 hours. When the required amount of iodine had been 
added, the jar was closed with a rubber stopper having a glass bearing to 
accommodate the stirrer. The closed container and st.irring apparatus 
were placed in an incubator at 38°, with continuous stirring, for 18 to 20 
hours. pH readings were taken with a gla.<;s electrode pH meter after addi
tion of the bicarbonate, after addition of all the iodine, and after the incu
bation period. The iodinated protein was recovered by careful addition of 
dilute HCl until the point of maximum precipitation was reached (pH 3.8 
to 4.0). Mter several washings with water adjusted to pH '1.0, the greater 
part of the iodinated protein was removed by filtration, dried at room 
temperature, ground in a laboratory mill, and assayed without further 
treatment. A small portion from each member of the series was resus
pended with a minimum amount of NaOH and dialyzed across a cellophane 
casing in order to eliminate loosely combined iodine. The iodoprotein 
was then precipitated by the addition of HCl, filtered, and dried. Iodine 
analyses were made on both the dialyzed and the undialyzed portions by 
the method of Kendall, as described by Harington (8). 

Series II was made up with casein that had bee~ prepared in the labora
tory from fresh, unpasteurized milk. 21 gm. of casein were placed in 700 
ml. of distilled water to which 5 gm. of sodium bicarbonate had previously 
been added, with vigorous stirring until the casein dissolved. The re
mainder of the process was then carried out exactly as in Series I. 

Methods of Assay 

The method of Kreitmair (9), based upon the weight loss of guinea pigs, 
has been used extensively for the assay of thyroid-active materials. Dress
ler and Holling (lO) have published a method of assay based upon the 
increase in oxygen consumption of guinea pigs stimulated by a given dose 
of material. 

The fact that thyroid material will stimulate precocious metamorphosis 
in frog tadpoles (Gudernatsch (11» has been used widely both as a qualita-
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tive and a quantitative measure of thyroid activity. Gaddum (12) re
ported that when tadpoles were exposed to thyroxine for 24 to 48 hours 
the decrease in body length bore a rough quantitative relationship to the 
amount of substance employed. Wokes (13) devised a method for the 
quantitative assay of thyroid substance on tadpoles. 

Assays on Guinea Pigs-For the assay of the iodinated proteins reported 
in this paper, modifications of the three methods noted above were em
ployed. Both the increase in oxygen consumption and the percentage 
decrease in weight loss of guinea pigs were determined on the same animals. 
Healthy male guinea pigs weighing from 230 to 280 gm., averaging approx
imately 250 gm., were used. In order to have the animals in a partially 
fasted state for daily measurements of metabolism, all food was removed 
from the pens at night and the animals were allowed access to food only 
during the day, after the oxygen consumption had been recorded. This 
plan of treatment was used during the experimental period and also during 
the week preceding it. Control animals handled similarly gained an 
average of 2 per cent per week. The diet consisted of 80 per cent of a 
grain mixture and 20 per cent Cerogras,l added as a vitamin supplement. 

In preparation for administration, a weighed amount of the iodinated 
protein was put in solution in distilled water by addition of 2 or 3 drops of 
saturated sodium carbonate solution and triturated with a mortar and 
pestle. The dissolved material was then made up to a given volume and 
accurately measured quantities were given orally once daily for 6 days to 
guinea pigs by the method of Pugh and Tandy (14). 

On the 4th and 5th day after beginning the dosage, measurements of 
oxygen consumption2 were made in an eight chamber respiration apparatus 
of the same construction as that described by Winchester (15), but designed 
to accommodate animals between 150 and 300 gm. in weight. The per
centage increase in oxygen consumption was calculated from the increase 
above normal controls of the same weight and maintained under the same 
conditions. Dosage of the animals was continued for 6 days and the final 
weights were taken on the 7th day after treatment was begun. Weight 
decreases were expressed as the per cent difference between the initial 
weight and the final weight of the animals. 

Assays on Tadpoles-In contradistinction to the results obtained with 
thyroxine or thyroid substances it was found that tadpoles will give little 
or no response when placed in a solution or suspension of iodinated casein. 

I Cerogras is a mixture of dried and finely ground immature cereal grasses. It 
was kindly supplied by Dr. W. R. Graham, Jr., Cerophyl Laboratories, Kansas City, 
Missouri. 

2 Grateful acknowledgment of the authors is given to H. H. Kibler, research 
assistant, for the determinations of oxygen consumption. 
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However, when the material was placed on the surface of the water as a 
fine powder so that the tadpoles could eat it, or when injected into the body 
cavity, the response was qualitatively indistinguishable from that of 
thyroid or thyroxine. 

For the assays reported herein large frog tadpoles (Rana pipiens) of 
about 60 mm. in length were obtained by seining from a local pond. At 
this sta;ge the rear legs were fully formed, but still non-functional, and th, 
front limb buds had not yet emerged. Such tadpoles are extremely sensi
tive to stimulation and furthermore can be injected quite readily. Since 
the response obtained with tadpoles will vary widely from time to time, 
depending upon their stage of development, environmental temperature, 
and possibly other factors, all tadpoles to be used for the assay of a given 
series of preparations were injected on the same day. Final measurements 
of body length were made on the 4th day after injection. The same 
amount of iodoprotein from each member of the series was injected into 
the tadpoles of its respective test group. Therefore, the per cent decrease 
in body length provides an index of the relative potencies of the various 
members of the series. 

Results 

Data on the progressive iodination of skim milk and casein are presented 
in Table 1. In Series I skim milk was iodinated directly by addition of 
iodine in concentrations ranging from 3.9 to 31.5 gm. per 100 gm. of protein. 
For purposes of calculation, the protein content of the milk used is assumed 
to be 3.5 per cent. While this assumption will introduce some error, it is 
believed to approximate closely the actual protein content of the mixed 
milk used. 

Analyses of the iodoproteins before and after dialysis indicate that from 
1 to 2 per cent of the iodine is in loose combination with the protein. This 
iodine can also be liberated by brief oxidation with hydrogen peroxide, 
potassium persulfate, or potassium permanganate in acid solution. After 
dialysis, however, no evidence of free iodine could be obtained after oxida
tion with the above reagents. Thus it is evident that the non-dialyzable 
iodine is in firm combination, presumably with the tyrosine of the protein. 
It is well established that the iodination of tyrosine proceeds by substitu
tion according to the equation, tyrosine + 212 ---t diiodotyrosine + 2HI. 
In the present series somewhat less than one-half of the iodine added re
mained in firm combination with the protein after dialysis. Since some 
side reactions doubtless take place in the mixed systems used, this is in 
good agreement with the theoretical expectation. 

In Series II more accurate computations are possible, because casein of 
known tyrosine composition was used throughout, and the intervals be-
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tween amounts of iodine added were spaced more closely than in Series 1. 
It is of interest to note that until 4 atoms of iodine were added or 2 atoms 
combined per mole of tyrosine, the amount of iodine remaining in combina
tion after dialysis was close to the theoretical value. There was then a 
lag in the combination of additional iodine (dialyzed values) until excessive 
amounts were added. However, the total amount of iodine combined 
increased progressively with increasing addition of iodine. 

TABLE I 
Course of Progressive Iodination of Skim Milk Proteins and Casein 

Per cent iodine pH combined Iodine Iodine Iodine" Iodinet combined Prepa- added added 
Series No. ratIon li:r per 100 added per mole After 

No. gm. per mole tyrosine bicar- After After tyrosine Before After (after iodine milk protein dialysis dialysis dialysis) bonate addi- incu-
addi- bation 
tion tion 

-- -- -- -- ---- ----- -- --
gm. gm. alo",. atoms 

I. Direct io- 1 1.428 3.939 1.24 3.47 2.20 0.72 7.20 7.01 7.62 
dination 2 2.857 7.878 2.47 5.34 4.23 1.41 7.21 7.23 7.23 
of skim 3 4.285 11.817 3.71 6.95 5.13 1.73 7.45 7.61 7.60 
milk 4 5.714 15.756 4.95 8.08 6.21 2.11 7.47 7.21 7.03 

5 7.142 19.695 6.18 8.48 6.97 2.39 7.31 7.02 7.25 
6 8.571 23.634 7.42 9.57 7.57 2.62 7.54 6.89 6.81 
7 10.000 27.573 8.66 10.00 7.95 2.76 7.57 6.65 
8 11.42831.512 9.89 10.41 8.33 2.90 7.63 6.33 

II. Iodination 1 7.904 2.00 4.12 3.77 0.99 7.47 7.51 7.41 
of casein 2 11.904 3.00 6.10 5.17 1.38 7.47 7.09 7.07 

3 13.857 3.50 7.35 6.02 1.62 7.61 7.48 7.98 
4 15.809 4.00 8.62 6.80 1.84 7.61 7.10 7.21 
5 17.619 4.45 9.16 7.22 1.97 7.78 7.28 7.42 
6 20.000 5.05 9.56 7.51 2.05 7.78 7.05 7.85 
7 21.904 5.53 10.38 7.50 2.05 7.20 7.30 7.65 
8 24.285 6.14 12.25 8.78 2.43 7.20 7.13 7.19 

* Skim milk was assumed to contain 3.5 per cent protein. 
t Calculated on the basis of 4.5 per cent tyrosine in the mixed proteins of skim 

milk and 5.65 per cent tyrosine in casein. Tyrosine was determined by the method 
of Lugg (16). 

In both series the pH of the reaction mixtures remained fairly close to the 
physiological range throughout. The final low values of 6.3 to 6.8 in 
Series I are probably due to depletion of the buffer capacity of the solutions 
during excessive iodination by the HI formed as a side product in the 
reaction. 

Thyroidal Activity-Results of the assay of preparations in Series I by 
three different methods and of Series II by the tadpole method are given 
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in Fig. 1. The test animals for each assay in a given series were dosed 
with the same amount of material. Therefore, the actual per cent response 
gives a comparative measure of the potency of the respective preparations 
in a series. 

Thyroidal activity increased with increasing iodine concentration, at
taining a maximum when 4.5 to 5.0 atoms of iodine had been added per 
mole of tyrosine in the protein, an amount slightly in excess of that theo-
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FIG. 1. The effect of progressive iodination on the thyroidal activity of casein and 
skim milk proteins. The results are expressed in terms of the amount of iodine added 
to the reaction mixture; this is somewhat more than twice the amount actually 
combined (see Table I). The weight losses for guinea pigs are based on eight animals, 
and metabolic results on four animals per assay. Iodinated protein was administered 
orally at the rate of 6 mg. daily per animal. The tadpole assays include five animals 
l)')r preparation in Series I, and four per preparation in Series II. Each tadpole was 
given a single injection of 0.1 mg. of iodinated protein. 

retically required for substitution of 2 atoms of iodine on the tyrosine 
ring. A striking feature of these results is that further iodination led to 
marked loss of activity. 

In the assays of Series I, results of the tadpole test and the weight loss of 
guinea pigs are nearly parallel throughout the series, the only difference 
being one of degree of response. A second test run on groups of twenty 
artificially reared tadpoles given the preparations orally was in good agree
ment \vith the one illustrated. The t values were computed as described 
by Snedecor (17) in order to test the significance of the difference between 
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each member of the series and the preceding preparation. Results by the 
method of guinea pig loss in weight and the tadpole test revealed that 
both the rise in activity with progressive iodination and the decline after 
the maximum are statistically significant. 

The increase in oxygen consumption of guinea pigs follows the same 
general trend as is shown by the other two methods. In this particular 
instance, however, the results are considered to be less quantitative than 
those obtained by the other methods, because it was observed during the 
course of the assays that the normal metabolism declined with the change 
from spring to summer conditions. This made it difficult to establish an 
accurate normal base from which to calculate the increase in oxygen con
sumption of the test animals. With this limitation in mind, it is believed 
that the metabolic data afford valuable confirmation of the results obtained 
by the other methods. 

Results of the tadpole assay on the preparations of Series II are in good 
agreement with those of Series I, showing again an increase in activity up 
to a maximum when 4.5 atoms of iodine had been added per mole of 
tyrosine, followed by a decline in activity with further iodination. The 
results of this assay were confirmed by a second trial in which alternate 
members of the series were tested by injection into groups of twenty tad
poles. In both trials, computation of the statistical t values for the differ
ences of response in succeeding members of the series indicated that both 
the rise in activity and the decline from the maximum are significant. 

As judged by both the metabolic response and the weight loss of guinea 
pigs, preparations iodinated under optimal conditions show a potency of 
0.01 to 0.005 of that of thyroxine when both materials are given orally. 
These results compare favorably with the activity of 1/300 that of thyrox
ine reported by Harington and Ri~ers (5) for iodinated casein. U.S.P. 

desiccated thyroid tested in the same way showed about 0.005 of the 
activity of thyroxine. Lerman and Salter (6) reported that iodinated 
serum albumin had a pot.ency of about one-fift.h t.hat of thyroglobulin. 

DISCUSSION 

From the results, it is apparent that the degree of iodination of a protein 
is a controlling factor in the amount of thyroidal activity attained. Under 
the conditions of these experiments, thyroidal activity reaches a maximum 
when sufficient iodine has been added to substitute 2 atoms on the tyrosine 
ring. Furt.her iodination leads to significant losses of activity. This is in 
agreement with the report (4) that excessively iodinated proteins fail to 
yield thyroxine after hydrolysis. 

The iodination of serum albumin in a water-alcohol-ammonia medium 
by addition of compound solution of iodine has been reported by Muus, 
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Coons, and Salter (18). According to these authors thyroidal activity did 
not begin until 2 to 3 atoms of iodine per molecule of tyrosine were com
bined. Full activity was obtained only when 9 to 10 per cent of iodine or 
the equivalent of 4 atoms per molecule of tyrosine had been incorporated. 
No decrease of activity was noted with excessive iodination. The op
timally iodinated preparations contained more iodine than could be 
accounted for by substitution on both the tyrosine and histidine of the 
protein. 

As shown by the data in Table I, the iodination method used in the 
present work favors the substitution of iodine on the tyrosine ring, with 
little or no substitution in other parts of the protein molecule. Thus the 
marked differences in the course of formation of the thyroidally active 
product can probably be explained by the differences in the methods used. 

The formation of thyroxine by the iodination of proteins could be ac
counted for (4, 5) by (a) the oxidative coupling of 2 molecules of diiodo
tyrosine with the elimination of one side chain or (b) the iodination of 
preformed thyronine which may exist as part of the protein molecule. The 
difficulties in the way of acceptance of both possibilities are pointed out by 
Harington and Rivers (5). In favor of the first mechanism is the fact that 
thyroxine has been formed directly from diiodotyrosine by prolonged 
incubation in alkaline medium (von Mutzenbecher (19), Block (20)). The 
increase in thyroidal activity with progressive iodination as reported herein 
is compatible with the first hypothesis. The loss of activity as excessive 
amounts of iodine are added could be explained by the coupling of a 3rd 
tyrosine molecule, forming an inactive compound such as the thyroxine 
analogue reported by Bovarnick et al. (21). As an alternative explanation, 
it appears possible that prolonged oxidation could result in changes in the 
remaining side chain of the thyroxine formed in the initial stages, resulting 
in degradation products with reduced activity. 

SUMMARY 

1. Casein and total skim milk proteins, buffered with sodium bicarbon
ate, were combined with progressively increasing amounts of iodine, and 
the iodine content and thyroidal activity of the resulting iodoproteins were 
tested. 

2. It was found that under these conditions of iodination thyroidal 
activity reaches a maximum when sufficient iodine has been combined to 
substitute 2 atoms of iodine on the tyrosine ring. Further iodination 
results in a significant decrease in thyroidal activity. 

3. From a consideration of the iodine contents of the dialyzed iodopro
teins in relation to their original tyrosine content, it appears that the 
method of iodination used favors substitution on the tyrosine ring, with 
little or no substitution in other parts of the protein molecule. 
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