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SUMMARY

1* The aim of this work was to isolate and purify an iodothyronyl peptide
from thyroglobulin.

2. Thyroglobulin from rats or rabbits, labelled in vivo with radioiodine,
was used. Purification of thyroglobulin by ammonium sulphate salting-out,
BEAE-eellulose column chromatography, and preparative ultracentrifugation
were examined.

3. Methods of hydrolysis of thyroglobulin were evaluated, and pronase

digestion vas found to give the highest yields of free iocloamino acids with
the minimum of artifacts* Some 10# of unhydrolysed material still remained,

though. Thyroidal proteases, added as a fresh rat thyroid homogenate, were

essential for augmenting hydrolysis by exogenous enzymes.

k. Peptic hydrolysis of thyroglobulin gave virtually complete release of
the iodothyronines which suggests that they are bound to hydrophobic residues
in the protein. Iodotyrosine release was incomplete, however.

5. The 100 diaulphide bridges in thyroglobulin were reduced and S-sulphonated
or S-aminoethylated. The charged groups that were introduced prevented

conqplete enzyme hydrolysis of thyroglobulin, so heat-denatured thyroglobulin
was used in further work.

6. Cbyaotryptic hydrolysis of heat-denatured thyroglobulin split about
550 bonds. The chymotryptic peptides were separated by peptide mapping
(paper electrophoresis in one dimension, followed by chromatography in the
other dimension). Between 30 and 60 iodopeptides were detected by auto¬

radiography of the peptide maps, depending upon the conditions used.

Iodopeptide maps were reproducible when thyroglobulin was obtained from
a single species J rat and rabbit thyreoglobulins were not identical in
this respect.

7. Chymotryptic iodopeptides were partly resistant to further total
eazymic hydrolysis. Pepsin followed by pronase plus a source of thyroidal
proteases gave the most coaplete hydrolysis. Reasons for the difficulties
encountered in obtaining complete iodoamino acid release from thyro¬

globulin preparations have been discussed.

8. An iodothyronine-rich fraction was obtained by gel filtration of

chymotryptic peptides on a column calibrated for molecular weight
estimation. A volatile solvent was developed which minimised adsorption



of aromatic residues on the dextrsn gel. An approximate molecular weight
of 1,000 for the fraction suggested that a thyroxyl di- or tri-peptide
was present.

9* A single thyroxyl peptide was isolated by peptide mapping the

iodothyronine-rich gel-filtration fraction. This peptide only contained
1/lTth of the thyroxine present in the original thyroglobulin, however,
and technical factors probably account for this low yield.

10. A method of iodine-exchange for artificially enriching iodo-
thyronyl radioiodine relative to the total radioiodine of thyroglobulin
was developed end evaluated. A twofold increase in the percentage of
the total radioactivity in thyroxine was achieved.

11. A double --radioiodine labelling technique shoved that tbyroglobulin-
iodine was heterogeneous and no precursor-product relationships between
the iodoamino acids or any iodopeptides were obtained.

12. It was concluded that indication of tyrosyl residues of thyro¬

globulin is a fairly specific process in vivo, end that iodothyronine
biosynthesis occurs at relatively few hydrophobic sites in the

thyroglobulin molecule. A thyroxyl chymotryptic peptide was isolated,
but it was not examined further.
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1. CHBHIBAL BfTRODUCTIOH.

"The thyroid hormones" in the title of this thesis refers

to the iodine-containing hormones of the thyroid gland, thyroxine

and 3,3' ,5-tri-iodothyronine. One year after this work was started,

Foster et al. (1964) conclusively proved that an uniodinated peptide

hormone was also secreted by the thyroid gland. The latter hormone,

thyrooaloitonin, is not discussed below, and reference will be

made only to the iodine-containing thyroid hormones*

Historical summary. In 1820 Coindet obtained some alleviation

of the symptoms of goitre by treatment of patients with potassium

iodide or tincture of iodine* However, the association between

iodine deficiency and goitre was not firmly established until early

this century after studies by Marine and colleagues (see Harington,

1933)* Early work relating to various disorders aasoeiated with

the thyroid gland, and also the use of thyroid material in treat¬

ing myxoedsma or in replacement therapy has been critically reviewed

by Harington (1933)* The beneficial effects of iodine or thyroid

administration to goitrous patients led Kocher (1895) to suggest

that the thyroid gland might contain iodine. Baumann (1896) confirmed

by acid hydrolysis that the thyroid did in fact contain iodine*

The iodine-containing thyroid hormones. Thyroglobulin, the iodine-

containing protein of the thyroid, was studied by Oswald (1909,

1910) and also Hutchison (1396, 1898}, and eventually led to isolation

of the active principle, thyroxine, by Kendall (1915)• The structure

of thyroxine was later elucidated (Harington, 1926b; Harington

& Bargor, 1927), but it vas not until after this that the presence
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of 3,5-diiodotyrosiae was demonstrated in thyroid material (Harington

6 Randall0 1929)« *fc>noiodotyrosine was first detected in rat thyroid

Ba(OH),, hydrolysates by Fink,, Dent & Fink (19^7) and its identity

was later proved (Fink & Fink, 19^8i Tishkoff, Bennett, Bennett

6 Miller, 19^9). Gross & heblond (1951) observed an unknown iodinated

compound in butanol extracts of rat plasma and unhydrolysed thyroid

homogenates. The same compound was present in human plasma (Gross

& Pitt-Rivers, 1951)i it was independently identified as 3,3'>5~

triiodothyronine by Roche, Lissitzky & Michel (1952a) and Gross

& Pitt-Rivers (1953).

3,3'-diiodothyronine and 3,3 ',5'-triiodothyronine were isolated

from animals (Roche, Michel, Wolf & Nunez, 1956, Roche, Michel & Nunez,

1959) hut were not found to be physiologically active (see Pitt-

Rivers & Tata, 1959). Jfcnoiodohisti&ine (Roche, Lissitzky fe Michel,

1952b) and diiodohistidine (Block, Mandl, Keller & Werner, 1950)

were found in thyroid hydrolysates but their physiological signif¬

icance is not known. Iod©tryptophan derivatives have not bean

found in thyroid material, and diiodotryptophan was reported to

be without physiological activity (see Eamachandran, 1956)• Earlier

belief that the circulating organic-iodine was thyreoglobulin was

dispelled by Trevorrow (1939) who extracted a snail molecule from

plasma protein using organic solvents. Taurog & Chaikoff (19^3)

proved the identity of the circulating hormone by re-crystallisa-

Iodotyrosines, iodopeptides and iodoproteins have been found

in the circulation of animals but their significance and function

are unknown (see Bobbins & Rail, 19^7). However, only very small

tion to constant specific activity with added



quantities of the iodotyrosines have been found in the thyroid

vein (Taurog, Porter & Thio, 19^» Matsuda & Greer, 1965). Thyroxine

is the major iodine component in blood and accounts for about 90%

of the organic-iodine, while 3,3',5-triiodothyronine normally comprises

5Jf or less of the blood iodine (Robbing & Rail, 1967). As these

are the only two compounds shown to have physiologically signif¬

icant biological activity they are therefore considered to be the

iodine-containing thyroid hormones.

Thyroxine formation in vitro. Harington (1926b) suggested that

thyroxine might be synthesised in the thyroid by a coupling reaction

between two molecules of diiodotyrosine with the loss of an alanine

side-chain:

CH2-CH(XH2)-C02H + H

I
O ^CH2-CH(XH„)-C02H

I

I I

Ho/~Vo-/~^CHj-CH (NHj) -CO.H

The first indication that thi3 theory mi^ht be correct came from

work by Ludvig & von Mutzenbecher (1939) who isolated mono- and

di-iodotyrosine and thyroxine after hydrolysis of in vitro iodinated

casein. Incubation of diiodotyrosine at 37° at pH 10 yielded small

amounts of thyroxine (von Mutzenbecher, 1939), and other workers

soon confirmed these results (see Pitt-Rivers & Tata, 1959).
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*

Johnson & Tewkesbury (19^2) studied the conversion of aiiodo¬

tyroaine to thyroxine and claimed that the side-chain split off

during the reaction appeared as pyruvic acid, but the method of

identification vas not given. Harington & Pitt-Rivers (19^5) shoved

that oxidising conditions vers required for coupling, and Pitt-

Rivers (19^8) obtained a greatly increased yield of thyroxine when

both the amino and oarboxyl groups of diiodotyrosine were protected*

Thyroxine yields vere calculated on the basis of cliiodotyrosine

lost: diiodotyrosine gave only h% thyroxine, while K-aeetyldiiodo-

tyrosine gave a yield of 25? acetylthyroxine , and I-acetyldiiodo-

tyrosyl glutamic acid gave 35% of the corresponding thyroxyl derivative*

Unsuccessful attempts vere made to identify the side-chain lost

during those reactions*

Serine end thyroxine were formed during iodination of poly-

L-tyrosine (Sola & Sarid, 1956) but no quantitative relationship

between the iodothyronines and serine vas found. Pitt-Rivers 6

James (1953) incubated <*~H-acetyl-e-(»~acetyldiiodotyrosyl)lysine

under aerobic conditions and obtained a 50,1 net yield of the corres¬

ponding thyroxyl peptide* They also obtained acetamide and e-

hydroxypyruyoy1-a-H-acetyl-lysine in quantities aolocularly equiv¬

alent to the thyroxyl derivative* Maltaer & Staaabaek (1961) have

obtained up to 20? yields of thyroxine from the very rapid reaction

between diiodotyrosine end 3,5-diiodo-fe-hydroxyphenyl-pyruvie acid

at pH 7* However, the relationship between these and other in

vitro results end thyroidal biosynthesis of thyroxine has not been

established (Stanbury, 1967)*
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Purification of thyro&lobulin. She thyroid gland of vertebrate*

contains higher concentrations of iodine than any other organ (Roche

ft Michel, 1951). Hiatochemical investigations have shown that

almost all the iodine of the thyroid becomes concentrated in the

colloid follicles (Tatuxa, 1920, van Dyke, 1920} after transitory

appearance in the epithelial cells which line the follicles (heblond,

1948).

Aqueous extracts of thyroid gland were shown to contain iodin-

ated proteins from the colloid with the properties of globulins

(see Hutchison, I896). Oswald (l899) first examined thyroid iodo-

protein systematically end obtained denatured thyreoglobulin in

a yield of about 80$. A protein of higher purity was obtained

by Heidelberger ft Palmer (1933), but precipitation of nucleoprotein

at pH 4.0 resulted in partial denaturation of thyroglobulin. Extraction

of nuclaoprotain was largely avoided by Cavett ft Seljeskbg (1933)

who treated finely- sliced thyroid with isotonic saline at 0° at

pH 7: thyroid iodoprotein was purified by precipitation between 35

and 45$ saturation of ammonium sulphate* Derrien, Michel ft Roche

(1943) obtained 'pure* preparations of thyreoglobulin after a system¬

atic study of fractionation of thyroid extracts with neutral salts*

Criteria of purity were freedom from nucleoprotein and lipid materials,

and a constant Sf/I ratio in salted-out fractions.

Thyroglobulin is the major ultraeentrifugal protein component

of extracts from normal thyroid glands and comprises about Qo%

of the thyroidal protein and 90-98$ of the iodine (Edelhoch ft Rail,

1964). It has a sedimentation coefficient (S° ,._) of 19S and a
«|fiU

molecular weight of 660,000 (Derrien et si. 1948, 0'Donnell, Baldwin

ft Williams, 1958; Edelhoch, i960).
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Thyreoglobulin prepared by- neutral salt fractionation was

found to b« homogeneous by boundary electrophoresis, bub was heter¬

ogeneous in its salting-out curves (Derrien et al. 19k8) and also

in the ultraeentrifuge (O'Donnell at al, 195®\ Edelhoch, i960).

Preparative electrophoresis yielded thyroglobulin that was hetero¬

geneous when examined in the analytical ultracentrifuge (Bobbins
6 Rail, 1952; Shulman, Rose & Witebsky, 1955; Ui & Tarutani,

196l, Spiro, 1961). Thyroglobulin has been purified by column

chromatography on DEAE-cellulose (Ingbar, Aakonas b Work, 1959;

Ui» Tarutani, Kjondo b Taaura, 1961; Bobbins, 1963; Shulman &

Armenia, 1963), and also by preparative moving boundary ultracentrifuga-

tion (Edelhoch, i960). More recently gel filtration and density

gradient centri fugation have been shown to yield pure thyroglobulin

(Salvatore, Balvator®, Cahnmana b Bobbins, 196k),

Molecular structure of thyroglobulin. Tbyroglobulin has been shown

to dissociate under certain conditions of ionic strength and pH

(Heidelberger b Peelersen, 1936; Lundgren & Williams, 1939; Edelhoch,

I960), and ultracentrifugal heterogeneity of thyroglobulin has

been attributed in pert to dissociation and aggregation phenom¬

ena (Spiro, 1961)* The molecular structure of thyroglobulin has

been intensively studied in recent years, particularly by Edelhoch

and colleagues (see Edelhoch b Rail, 196k, Edelhoch, 1965).

Small quantities of rapidly sedimenting iodoproteina are

present in thyroid extracts when examined ultracentrifugaily. Vecehio,

Edelhoch, Bobbins b Weathers (1966) recently characterised the

27S iodoprotein and showed it to be a higher polymer of thyroglobulin

subunits. It had a higher iodine content and a somewhat different



molecular structure from 19S thyroglobulin, and comprised a signifi¬

cant proportion of the thyroid hormone stores. Small amounts of

soluble and particulate iodoproteins are also present in the thyroid

but their significance has yet to be established (Bobbins U Rail,

1967).

Dissociation of thyroglobulin (19S) into half-molecules (12S)

occurs under relatively mild conditions such as reduction in salt

concentration (Edelhoch, i960}, with low concentrations of detergent

(Edelhoch & Lippoldt, i960), by heating, or in the presence of

8M-urea or 5M-guanidine (.Edelhoch & Metzger, 1961). It was suggested

that the ITS species which also appeared under certain of these

conditions was a partially unfolded form of 193 thyroglobulin.

de Crombrugghe, Pitt-Hivers & Edelhoeh (1966) showed that the 17S

molecules are composed of two 12S species which are linked by one

or a few disulphide bonds. Each of the 19S and 173 molecules are

thus made up of two 12S molecules condensed by non-covalent inter¬

actions in the former end disulphide bridges in the latter. This

situation is similar to Bence-Jones proteins (raol. wt. Uo,000)

composed of two chains some of which are linked by disulphide bridges

and others by non-covalent forces (Gaily & Edelman, 196*0 •

The 128 submits have been found in thyroid extracts (a)

as an artifact (Simon, Roques, Torresani & Lissitzky, 196G), (b)

as the major thyroid protein in lover species (Salvator®, Sena,

Viscidi & Salvatore, 1965) or (c) as a precursor during an early

stage of thyroglobulin synthesis (Seed & Goldberg, 1963, Thomson

& Goldberg, 1968). Non-iodinated or poorly iodinated thyroglobulin

has an approximate sedimentation coefficient of ITS (Nunez, Mauchamp,
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Macchia & Roche, 1965, Seed & Goldberg, 1965b). Iodination presum¬

ably induces conformational changes in the protein (cf. luaez,

Mauchamp, Poomier» Cirkovii & Roche, 1966).

Reduction of disulphide linkages of the 12S half-thyroglobulin

molecule (mol. wt. about V3 million) in 5M-guanidiae yielded a

single approximately 8S ultracentrifugal species (de Crombrugghe

et al. 1966, Edelhoch & Steiner, i960). These results and an

intensive examination of the structure of reduced S-carboxymethylated

thyroglobulin (Edellaoch & de Crombrugghe, 1966) indicated that

the 126 molecule was composed of tvo chains (mol. vt. of about

165,000) which might not be identical (kdelhoch, 1965). Lisaitzky,

Rolland t Bergot (1965) deduced from peptide mapping and gel electro¬

phoresis that the 12S molecule contained tvo different subunits.

Pierce, Ravitch, Brown & Stanley (1965) examined reduced

8-carboxymethylated thyroglobulin dissolved in aqueous sodium dodecyl

sulphate solution and found a single ultracentrifugal component

having a sedimentation coefficient (^,20^ cf 3.2-3.^3. This corres¬
ponds to a molecular weight of 110,000 - 125,000 and indicates

at least 5 or 6 physically identical peptide chains in 19S thyro¬

globulin. Lissitzky, Rolland, Raynaud, Savory & Laary (1968) have

published detailed molecular weight estimations on the subunit

structure of thyroglobulin and they suggest that four peptide chains

of two types (raol. vt. A ■ B ■ 80,000) make up the 128 molecule.

The discrepancy between these three sets of results may arise because

the latter tvo groups of workers determined subunit molecular weights

in concentrated detergent or guanidine solutions whereas Edelhoch

and co-workers removed denaturants first, association of the chains

would then give an approximately $S species.



Table 1.1.

Amino acid composition of human, pig, sheep, rabbit and rat

thyroglo'oulins. (NB - not determined).

Residues per mole of thyroglobulin
< * — «

Human Fig Sheep Rabbit Rat
OTTb)* (aT (b) <aT~Tb) USr fbj"

Asp 339 391 366 361 366 379 367 1*17
Thr 2U8 275 267 271 228 231 237 266

Ser 1*02 1*7** 1*51* 1*85 1*32 1*92 1*92 1*1*2

Olu 63k 723 691 675 61*5 637 699 71*1
Pro 299 326 1*08 388 339 356 358 305

Gly 367 1*10 1*29 1*1*6 383 1*25 1*75 1*26

Ala 3*»9 396 1*73 1*93 1*18 1*31 509 31*2
Val 303 311* 326 311* 393 322 337 330

JCys 187 208 136 22k 11*2 203 209 208

Met 65 73 50 55 60 61* 1*8 87
lie 1U0 155 131* 121 11*0 131* 102 185
Leu **37 i?3o 579 513 536 502 1*93 1*91*

Tyr 129 118 105 111 117 133 12l* 128

Phe 238 258 231 2l»3 231 279 2»*0 260

Trp ND 77* 58 77+ 83 77+ 77* 77*

Lys 173 166 151* 123 151* 128 136 176
His 68 78 63 69 58 61 68 75

Arg 250 282 331* 331 313 312 333 21*2

Amide 1*03 ND ND ND ND ND ND ND

"Results from (a) Pierce et al. (l9o5), assumed sol* wt. of thyroglobulin
660,000.

(b) Holland et al. (l966), assumed mol. wt. of thyroglobulin
650,000.

*From an average value of 2.25? by weight (Holland et al. 1966).
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Determination of terminal amino acids of thyroglobulin has

not helped to establish "the number of peptide chains present. Aadno-

terninal diiouotyrosine and thyroxine (Roche, Michel, Runes & Lacoiabe,

1955) end about eight other amino acids (Koche, Michel & Runes,

1955) have been reported. Spiro (lf>63) found aiaino-terminal aspartic

acid, glycine and either serine or leucine, depending upon the

species, in a molar ratio of 2:1:1 per mole of thyroglobuiin: carboxy-

terminei serine, glycine, leucine and alanine were also reported.

Dopheide & Trikojus (19&0 found amino-teimnal aapartic acid and

asparaginic (2 aoles) and glycine (I mole) in pig thyroglobulia.

Ambiguous results from teradnal amino acid analyses probably arise

from difficulties in obtaining highly purified thyroglobuxia.

Carbohydrate units of thyroglobulin. Ihyroglooulin is a glyco¬

protein containing approximately 10* of carbohydrate by weight.

About 20 polysaccharide chains of at least tvo types sire linked

to aspartyl residues (Spiro, 19^5)• Differences in the carbohy¬

drate composition of tfayroglobulins from different speeiea have

been reported by Spiro 5 Spiro (l9o5)•

Amino acid composition of thyroglobulin. She amino acid composi¬

tion of thyroglobulin from different species is not exceptional

apart from its content of iodoaroino acids (Dorrien, Michel, Pedersen

& Roche, 19^9, Robbins & Rail, i960Rail, Robbias & Levallea,

196^, Pierce et a1. 1965» Holland, Bismuth, Foudarai & Liaaitsky,

1966). Thyroglobulin is relatively rich in serine and argirdne

compared with other glycoproteins but the tyrosine content of about

i% ia not particularly high (Table 1.1.). Holland et al. (1966)

shoved significant variations of all amino acids except valine,
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leuoine and cystine in 198 thyroglobulin from eight species. Hovever,

the amino acid composition of human thyroglobulin from various

types of goitre vas not significantly different from that of normal

glands (Pierce et al. 196?, Bismuth, Rolland & Lissitzky, 1966).

Berrien et al. (19^9) found slight differences in the amino acid

composition of thyroglobulin from various mammalian colloid goitres

vhen compared with normal thyroids, but their thyroglobulin prepara¬

tions vere not highly purified.

Iodoaaino acids of thyroglobulin. lodinated amino acids in thyro¬

globulin are chiefly thyroxine, 3,3' ^-triiodothyronine11, 3,5-

diiodotyrosine and 3-iodotyrosine, although trace amounts of other

iodothyronines and iodohistidines have also been detected (vide

USE*)-
Estimation of amounts of iodoamino acids in thyroglobulin

requires preliminary total hydrolysis of the protein. Acid or

sodium hydroxide hydrolysis results in excsssive deiodination,

while dilute barium hydroxide hydrolysis gives reasonable yields

of iodoamino acids but also about 20% of the total iodine is present

as iodide (Oswald, 1909* Harington, 1926a; Blau, 1933). Hydrolysis

of thyroglobulin by prolonged ineubation with trypsin resulted

in excessive deiodination in early work (Oswald, 1909; Harington,

1926a). In the light of recent results this was probably due to

a fall in pH as proteolysis progressed: thyroidal deiodinaaes

that were present would then act on free iodotyrosines (see Stanbury,

I960). Trypsin or pepsin did not release all iodoamino acids from

•In future 3,3*,5-triiodothyronine will be referred to as triiodo¬

thyronine; other isomers will be mentioned specifically.
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peptide linkage (Harington, 1926a, Harington & Randall, 1931,

Roche, Michel, Lissitzky 6 Yagi, 195**)«

Dilute Ba(0H)2 was used for hydrolysis until 1959 when Tong
& Chaikoff found that 90% release of iodoamino acids from peptide

linkage was achieved using a mixture of pancreatic enzymes (pan-

creatin) with formation of only about 5% inorganic iodide. Even

better hydrolyais of thyroglobulin vas obtained when a bacterial

enzyme, prona.se, vas employed. (Tong, Raghupathy & Chaikoff, 1963)»

Edelhoch (1962) developed an elegant method for estimating

tyrosine, mono- and di-iodotyrosine, and thyroxine in intact proteins

by spectrophotometry pH-titration. Unfortunately triiodothyronine

is not estimated by this method.

Amounts of iodoamino acids present in thyroglobulin vary

somewhat depending an (a) the methods of hydrolysis and estima¬

tion used, (b) the species of animal and (e) the thyroidal iodine

content. Variations in the iodine content of thyroglobulin are

large, even within a single gland, and values between 0.18 to 0.8J%

(Roche 6 Michel, 1951) or higher (Sdelhoch, 1962) have been reported.

Pitt-Rivers & Cavalier! (196*0 summarise some more recent results

on the percentage iodoamino acid composition in thyroid glands

from several species. The "average" thyreoglobulin molecule from

normal thyroid glands contains from 6 to 12 monoiodotyrosyl residues,

6 to 10 diiodotyrosyl and 2 to 5 thyroxyl residues (Bobbins & Rail,

1967). The thyroxine-iodine/total-iodine ratio in thyroglobulin

from a wide variety of species is generally within the range 0.3

to 0.3** (Michel & Lafon, 19**6). High levels of thyroidal iodine

result in a higher thyroxine content in thyroglobulin (Rail et al. 196**).
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The triiodothyronine content of thyroglobulin is usually

very low (less than one residue per stole of thyroglobulin),

and the ratio of triiodothyronine-iodine to thyroxine-iodine

in human and rat thyroglobulin is approximately 0.2 (Bobbins

ft Ball, 19b7). Variations in this ratio are possibly due to

technical errors in estimating triiodothyronine, at least in

rats (Plaskett, Barnaby ft Lloyd, 196%). Conflicting results

have been obtained for mono- to di-iodotyrosine ratios in rat

thyroids (see Plaskett, Bamaby ft Lloyd, 1963a). Some workers

claim that this ratio is constant while others find that it

decreases with time after radioiodine administration; this

will be discussed further below and in section lU.

Factors that influence the iodine content of thyroglobulin. The

iodine content of thyroglobulin may be altered by any of the

factors summarised below.

(1) Thyroid function is regulated by the hypothalamus and the

anterior pituitary hormone, thyrotrophin (TSH). The latter

hormone acts on the thyroid and stimulates release of thyroidal

iodide* This is followed later by thyroidal uptake of blood

iodidei thyroid hormone secretion is also stimulated. Lack

of TSH results in symptoms of hypothyroidism, with depression

of ability to concentrate iodide and synthesise iodotyrosines

and iodothyronines (see Rosenberg, Athene ft Isaacs, 1965; Condliffe

ft Bobbins, 1967).

(2) Congenital goitre can arise from failure (a) of the thyroid

to concentrate iodide, (b) to iodinate tyrosyl residues, (c)

of thyroidal deiodinaae, or (d) of the coupling mechanism to yield
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the iodothyronines (see Murray & MeGirr, 196U).

(3) Thyroid function is stimulated by inadequate intake of dietary

iodide, and can lead to goitre in severe cases* An increased produc¬

tion of triiodothyronine has been reported in some animals when

dietary iodide is insufficient {Lachiver A Leloup, 1955i Rosenberg,

Goldman, LaRoehe & Dimick, 196k). Response of different species

to excess of dietary iodine is variable (see Pitt-Rivers A Tata,

1959, Rail etal. 19&0.

(U) Certain anions such as thiooyanate, perchlorate, etc., inhibit

iodide concentration by the thyroid* Various antithyroid drugs

(i.e. thiourea, thiour&eil, methimazole) prevent incorporation

of thyroidal iodide into organic compounds, and also inhibit iodo-

thyronine formation by interfering with the coupling mechanism

(see Rail at al. 196U). Goitrogenic compounds have been found

in certain plant foodstuffs, especially Brassicae, and in the milk

of cows fed on these plants (Greer, Kendall A Smith, 196*1* Rail

et al. 196U| Peltola, 1965).

In vitro iodination of thyroglobulin. The initial report of Ludwig

A von Mutsehbeeher (1939) that thyroxine was formed during iodina¬

tion of casein led may other workers to examine iodination of different

proteins in attempts to produce therapeutically useful prepara¬

tions. Casein, insulin, zein and thyroglobulin all yielded thyroxine

after iodination, while silk fibroin or peptic digests of casein

gave negligible amounts of thyroxine (Roche A Michel, 1951)* Thyroxine

formation increased with increasing iodine concentration and was

also favoured by oxidising conditions (Hariagton A Pitt-Rivers,

19**?; Reineke A Turner, 19**5) • Milder iodination procedures
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produced mainly diiodotyrosine and little or no thyroxine in zein

(Neuberger, 193U), insulin (Earington & Neuberger, 1936) and pepsin

(Herriott, 19^7).

Chemical iodination of proteins is performed with IC1 in

a.i« or oor. MMliy vita ^ in wrtnl or alkali.. Mlution. Bocnt
evidence (Mayberry, Rail & Sertoli, 196U) supports Ig rather than
H^IO4^ as the active iodinating species in the latter case. It
is now clear that it is the phenolate anion that is iodinated,

which accounts for the marked pH dependence of iodination.

Careful studies on the iodination of thyroglobulin by Edelhoch

and colleagues have provided much information on the role of the

protein structure in iodothyronine formation. Only about two-

thirds of the tyrosyl residues of thyroglobulin can be iodiaated,

which indicates that the remainder of the tyrosyl residues are

buried in the protein structure and are unavailable for iodina¬

tion. Structural changes occurred only after one-third of the

tyrosyl residues had been iodinated (Edelhoch, 1962; Edelhoch

& Lippoldt, 1962). Monoiodotyrosyl residues already present increased

by only k moles during the initial low levels of iodination and

remained constant, even after iodination with 180 more moles of

iodine (van Zyl & Edelhoch, 1967). The diiodotyrosyl content of

thyroglobulin, on the other hand, increased during iodination.

This is very different from the situation found with model

tyrosyl compounds (Mayberry, Rail & Bertoli, 1965) where a precursor-

product relationship exists between tyrosine, mono- and di-iodo-

tyrosine. van Zyl & Edelhoch (19^7) suggest that a relatively

hydrophobic environment and the protein structure determine the
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amounts of mono- and di-iodotyrosine that are synthesised and favour

the latter. Studies on the differential reactivity of mono- and

di-iodotyrosyi residues in thyroglobulin to O-acetylation (with

N-acetylimidazole) indicate that the phenolic hy&roxyl groups of

all the diiodotyrosyl residues are in a more aqueous environment
(van Zyl & Edelhoch, 1967;

than the phenyl rings ^Edelhoeh & Parisian, 1963). About two-thirds
of the monoiodotyrosyl residues appear to be inaccessible or are

involved in strong intramolecular interactions vhich render them

inactive towards acetylation or further iodination*

During iodination of thyreoglobulin, which already contained

about X% iodine, the thyroxyl content did not increase significantly

until the free iodine concentration was appreciable (Boehe, Michel

& Lafou, 19U7; Edelhoch, 1962; van Zyl & Edelhoch, 1967). Iodina¬

tion of human serum albumin (Perlman & Edelhoch, 1967) and rabbit

y-globulin (Edelhoch & Schlaff, 1963) showed similar results to

thyreoglobulin in the formation of iodotyrosines and thyroxine.

Relatively strong oxidising conditions are thus required for thyroxine

formation from diiodotyrosine in these proteins* Similar results

were obtained when thyroglobulin was iodinated in QM-urea (Edelhoch,

1962), but fluorescence polarisation studies showed that consider¬

able internal structure still persisted (Steiner & Edelhoch, 1961).

Little internal structure persisted in concentrated guanidine,

and thyroxine formation was markedly reduced (van Zyl & Edelhoch,

1967). lodiaation of enxymic digests of thyroglobulin did not

produce an increase in thyroxine, although mono- and di~iodotyroslne

were formed in amounts comparable with those in undigested thyro¬

globulin.
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Taurog & Howella (i960) used a purified enzyme, chloroperoxidase,

to catalyse the iodination of thyroglobulin (and serum albumin

and insulin). Labelled mono- and di-iodotyrosins and thyroxine

were formed in ratios comparable with those found in native thyro¬

globulin, and the primary purpose of the enzyme was to oxidise

iodide to iodine rather than bind it to the protein. B. de Crombrugghe

{quoted by van Zyl 6 Edelhoch, 1967) purified thyroglobulin containing

only 0.052 iodine from a human goitre* He showed that in vitro

iodination to a level of l2 iodine yielded a similar iodoamino

acid composition to native untreated thyroglobulin (also containing

1# iodine)* These results suggest that separate enzymes may not

be necessary for iodination of thyroglobulin or for iodothyronine

synthesis in vivo.

In interpreting experiments on in vitro iodination of thyro¬

globulin most workers do not take into account the effect of iodo-

amino acids initially present in the protein, van Zyl 6 Edelhoeh

(1967) suggest that the structure of the thyroglobulin molecule

is uniquely favourable to the condensation of iodotyrosyl to iodo-

thyronyl residues. If this is so, prior iodination of some tyrosyl

residues might he expected to be an important determinant of the

yield of thyroxine* Control of the relative amounts of triiodo¬

thyronine and thyroxine formed in vivo is envisaged as a property

of the protein structure and is a function of the available iodine

(Bdelhoch & Perlman, 1968). This would explain the finding that

the ratio of triiodothyronine to thyroxine and that of memo- to

di-iodotyrosine are greater in iodine-deficient than normal glands

(Laehiver & Leloup, 1955» Rosenberg et al» 1961+).
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Toi, Salvatore & Cahrumum (1S>65) have reacted 3,5-diiodo-

4-hydroxyphenylpyruvic acid (DIHPPA) with thyroglobulin to form

thyroxine. It is not clear whether this is a physiologically important

route for thyroxine synthesis, but the results of Edelhoch and

colleagues and of Taurog & Howella (l966) suggest that it is of

minor significance (vide infra).

Synthesis and in vivo iodinatioa of thyroglobulin. Thyroid riboaomal

systems have been shown to ayntliesiae 3-86 subunits of thyreoglobulin

and particle-bound protein (Lecoc<i A Dveaont, 1966i Soffor, 19^6j

fiuaea, Mauchamp, Jeruealwi & Roche, 1967). Absence of transfer-

MA for iodoamino acids 2me been demonstrated in the thyroid (Alexander,

19<&» Cartousoa, Aquarcn ft Lissitsky» 19Ck), and iodinatioa of

thyroglobulin has been shown to proceed independently of protein

synthesis (hisaItaly, Boques, Torroaani, Simon & Bouchilloux, 196U;

Maloof, Sato A Soodak, 196h, Seed A Goldberg> 1965a). The carbohydrate

portion of thyroglobulin ia attached after synthesis of the poly¬

peptide chain (Spiro A Spiro, ljX$<>i Qmi, Trujillo A Chaikoff,

19<ST).

Iodide which eaters the thyroid gland is thought to be oxidised

to a higher oxidation state before it can iodiaate tyroay1 residues,

by analogy with chemical iodinations described above. The redox

potential of the iodide-iodine system ia +0.535 v and of the known

biological oxidising agents only or 0^ possess higher redox
potentials at pH J. For this reason lias long been implicated

as the egeat responsible for oxidising iodide in the thyroid.

heapsay (l9kk) provided hiatocheaical evidence for the presence

of a peroxidase in thyroid tissue, and since then much work has
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been carried out in em attempt to isolate the enzyme (see Hall

at al. 196U; Rosenberg 8 Bastomsky, 19o5i Stsnbuiy, 19^7). It

is likely that there are several peroxidases in the thyroid hut

not all of them catalyse iodinatioa (DeGroot & Davis, 1962b; Yip,

ISHfo). Soma iodinatiag peroxidases contain ferriprotoporphyrin

ZX (Alexander & Corcoran, 1962; Yip, 1965) while others do not

(DeGroot A Davis, 1962a). The site of iodination of thyroglobulin

has not been definitely established (Pitt-Rivers & Cavalier!, 196*0,

although it has been suggested that the apical cell-membranes are

responsible (Nadler, 1969; Wollman, 1965). Peroxidasa-dependent

iodinating activity has recently been found to be associated with

a purified apical cell-membrane preparation (Benabdeljlil, Michel-

Beehet i Liasitzky, 1967).

Biosynthesis of iodine-containing thyroid hormones. In vitro iodina-
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tiona of pure thyroglobulin discussed above suggest that only certain

tyroBy1 residues can be iodinated and that the primary and tertiary

structures of the protein are required for, and also control, iodo-

thyronine synthesis. It would seem from model studies that it

is unnecessary to postulate separate enzymes to account for the

iodination of tyroayl residues or for the coupling of iodotyrosyl

to yield io&othyronyl residues. This assumes that coupling is

en intramolecular reaction between two iodotyrosyl residues of

thyroglobulin.

Small amounts of free iodotyroaines and thyroxine are found

in thyroid homogenates and it ba3 been suggested that an iodotyrosyl

derivative could couple with a peptide-linked dixodotyrosyl to

give an iodothyronyl residue. Mono- and di-iodohydroxyphenylpyruvic
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acid have been reported in thyroid homogenates (Haney & Liaaitsky,

1962). However, these compounds were separated in an alkaline

chromatography solvent aysteia and they are extremely unstable in

alkaline solution (Shiba & Cahmaann, 1962). Ljunggreo (1961) found

diiodohydroquinone in trypainiaed thyroid honogenatea, but the

need for tzypsinisation is not clear* Both these iodotyrosyl derivatives

could give rise to iodothyronines, but their physiological significance

has not been established.

Synthesis of the iodcthyronines in vivo appears to be more

sensitive to antithyroid drugs of the thiourea type than is iodina-

tion of tyrosyl residues (Richards & Ingbar, 1959). A similar

very marked effect was found with a goitregen obtained from bovine

milk (Peltola, 1965), She site and mechanism of action of these

compounds is uncertain, but it appears that the coupling reaction ,

is specific and may require more than simple indication of certain

tyrosyl residues in thyroglobulin that was postulated above.

Karmariiar & Stanbury (19^7) examined the role of a pyridoxal

derivative in the coupling mechanism in the thyroid. In a system
2+

containing monoiodotyrosine, pyridoxal, Mn , thyroid microsomes

and an E^Qg-generating aysteia, 3,3*-diiodothyronine was synthesiaed
in a yield of about 17#* Only slightly decreased yields were obtained

if microsomes were boiled for 20 min. Similar results were obtained

by Fischer, Sehulz & Oliner (1965). So far there is no evidence

to suggest that thyroxine biosynthesis is defective in vitamin

Bg deficiency. There are no data on the vitamin Bg content of
the thyroid, although manganese is concentrated in the gland (Bruner,

Perkinson & Hayes, 1953).
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Heterogeneity of thyroftlobuiin poola. There are tvo thyroidal

iodide pools, the first vith rapid turnover enters the gland from

the blood, while the second comprises intrathyroidally derived

iodide and has a much slower turnover than the first (Rosenberg,

Ahn & Chalfen, 196lj Halni & Pitt-Hivers, I'M» Hagateki k Ingbar,

1963). In studies on the relationship between these two iodide

pools Pitt-Rivers & Cavalieri (1263) concluded that the thyroid

gland was heterogeneous, in agreement with earlier workers (iiadler,

Leblond & Bogoroch, 195^i Triaataphyllidia, 195")• The second

iodide pool is significant in maintaining the iodide economy of

the gland (Pitt-Rivers & Cavalieri, Ipfft).

§tolc (1962) and Plaakett et al. (1963a) proposed a tvo compart¬

ment mechanism of thyroglobulin storage and utilisation which would

account for part of the heterogeneity of the gland, and also for

the difficulties experienced by various workers in shoving precursor-

product relationships between the thyroidal iodoamino acids* It

was suggested (Piaskett et al. 1963a) that iodination of protein

produced iodoprotein pool 1 which was email and could be rapidly

hydrolysed to yield free iodotyrosines, or which could undergo

a much slower reaction yielding iodoprotein pool 2. The latter

pool would be large vith slower turnover and would contain iodo-

tyrosyl and iodothyronyl residues, While iodoprotein pool 1 would

contain only iodotyrosyl residues*

This is likely to be an over-simplification of the situa¬

tion, however, as it is known that thyroidal proteins are a hetero¬

geneous group (Rail at al* I96U; Bobbins & Rail, 19^7). Thyro¬

globulin has been shown to be heterogeneous (ingb&r et al. 1959»
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Ui et al. 1961), and DEAE-celluloa® chromatography of thyroglobulin

yields fractions with different iodine contents (Shulraan & Armenia,

19^3. Bobbins, 19^3). This heterogeneity may be due to a 'matura¬

tion' of thyroglobulin which is thought to occur in vivo with increas¬

ing iodination (Nunez et al. 1965, Nunez et al. i960).

Schneider (196*0 showed that newly synthesised thyroidal

iodoproteia was more rapidly degraded than 'older' iodoprotein.

ladler (1965) has confirmed these findings and showed that thyro¬

globulin at the centre of the thyroid follicle was more stable

than at the periphery* Thena findings agree well with the model

of Plaskett et al. (1963a). Wollman (1965) reported that small

colloid follicles turn over radloiodine more quickly than larger

follicles. This inter-foilicular heterogeneity would contribute

largely to different results found in kinetic studies. At short

time intervals after rmdioiodine administration the small follicles

make a disproportionately large contribution to the overall kinetics,

whereas in glands blocked by antithyroid drugs the picture would

be dominated by larger follicles*

Further considerations on iodothyronine biosynthesis. The following

simplified scheme outlines present knowledge of iodine metabolism

by the thyroid gland:

(1) The gland concentrates iodide from the circulation.

(2) Iodide is oxidised to iodine and incorporated into tyrosyl

residues of thyroglobulin or polypeptides which later form thyroglobulin.

(3) Coupling of either mono- or di-iodotyrosine (free or peptide-

bound) with a peptide-bouad diiodotyrosyl residue in thyroglobulin
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yields triiodothyrony1 or thyroxyl residues z-espectively. Coup¬

ling might he induced toy iodination of thyreoglobulin, or may occur

later.

(4) Thyroglobulin is stored in the thyroid follicles.

(5) Pinoeytosis (endocytoais) of thyroglotoulin is followed toy

proteolysis toy lysosomal enzymes in thyroid cells (Nailer, Barker

& Lehlond, 1962, Wetzel, Spicer & Wollraan, 1965).

(6) Iolotyrosines are deiodinated within the gland and iodide

can toe recycled within the gland (Stanbury, i960).

(7) Tree iodothyronines are secreted into the blood stream (Robbing

& Rail, 1967).

Although this outline is now clearly established there are several

details which require further investigation. All the above stages

contain aspects which have not been accounted for fully, some of

which were indicated shove.

In studying iodothyronine formation in the gland stages (2)

and (3) have resulted in numerous models and theories but little

direct evidence as to the mechanisms involved. It is likely that

once iodide has been oxidised to iodine no other enzyme is necessary

for iodination of thyroglotoulin tyrosyl residues. Oxidation of

iodide and iodination of protein probably take place at the same

site in the cell, possibly at the apical cell-membrane*

Thyroglobulin (mol. wt. 660,000) contains about 125 tyrosyl

residues of which a maximum of 30 are iodinated in vivo. The detailed

studies of Edelhoeh and co-workers suggest that only certain of

these tyrosyl residues can be iodinated, and the protein structure

favours formation of diiodotyrosyl rather than iaonoiodotyrosyl
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residues even in the presence of only small amounts of iodine.

Theoretically an iodothyronyl residue oould arise by an intramolecular

coupling of too iodotyrosyl residues vithin the protein, or an

iodotyrosine derivative could react with a peptida-bound iodotyrosyl

residue. Evidence has been presented in favour of each of these

mechanisms taking place in the gland.

Although chemical iodination of various proteins can give

rise to thyroxine it has been shown that strongly oxidising condi¬

tions are required. Only thyroglobulin is capable of producing

a high yield of thyroxine for a small quantity of iodine (B. de

Crombrugghe, quoted by van Zyl & Sdelhoch, 1967). Thyreoglobulin

contains from 2 to 5 thyroxyl residues per molecule. As so few

iodothyronyl residues are found in the large protein molecule,

and in the light of iodination data, it is highly probable that

the protein primary and tertiary structure is intimately linked

with iodothyronine synthesis. Certain tyroay1 residues would be

in specific positions in thyroglobulin and only these residues

would give rise to iodothyronines in vivo. Other iodotyrosyl residues

elsewhere in the protein might also be able to couple bub the reaction

would not be specific.

It appears unnecessary at present to postulate free and peptide-

bound iodotyrosyl coupling when intramolecular coupling has been

shown to occur so readily, although either method of coupling could

take place* Whatever the mechanism of coupling, the apparently

high specificity of the reaction suggests that thyroglobulin may

be acting as though it is an ensyrne carrying its substrate(s) inter¬

nally.
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Various abnormalitias haw been found to be associated with

most of the stages of intrathyraided iodine metabolism outlined

above (Murray & McGirr, 1964). Some of these defects in thyroid

function have been shown to possess a genetic basis (see McGirr,

1967 ; Stanbury, 1967)* Of interest in relation to the coupling

reaction is the discovery of a coupling defect in certain humans

(see Murray & McGirr, 1964\ Stanbury, 1967) and sheep (Falconer,

1966, 1967)* Since there is no convincing evidence for the existence

of a coupling easyme it is more likely that an abnormal form of

thyroglobulin is present* A few reports have indicated the presence

of a different thyroidal iodoprotein in abnormal glands of humans

(Ramagopal, Spiro & Stanbury, 19&5, Ramagopal h Stanbury, 1965),

of sheep (Falconer, i960, 1967) and other species (see Rail et

ad. 1964). The precautions which must be taken in diagnosing this

uncommon coupling defeat uneguivocally have been emphasised by

Murray 6 McGirr (1964) and Stanbury (1967).

Outline of possible methods of studying iodothyronine biosynthesis.
. 1 mami mi ■ trnmat m 1 mtmm <w> we— — wean 1 1 mmm"m «m—>—Md—bmw m> ««■» —»■—am— tmmmmmimmmtm1 m itmmmmm mmmmmmmm 1—*

During the past 40 years several theories have been put forward

about iodothyronine biosynthesis, mostly based on coupling of iocLo-

tyrosyl residues but with little evidence about the in vivo mechanism.

It was felt that future advance in the field of iodothyronine biosynthesis

depended upon elucidating certain features of the structure and

biosynthesis of thyroglobulin. This work was startad in 1963 when

relatively little was known about the molecular structure or biosyn¬

thesis of thyroglobulin. A complementary study on thyroidal protein

synthesis in vitro and an approach to structural studies on this

protein vere undertaken by Fairley (i960).
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An examination of the specificity of iodination and thyroxine

synthesis in vitro were thought unlikely to yield much detailed

insight into the coupling mechanism in thyroglobulin. If there

is a high degree of specificity of iodination in the protein, and

perhaps in the coupling reaction »3 well, then there might be a

chance that iodothyronine synthesis is restricted to a relatively

few sites in thyroglobulin, Evidence in favour of this hypothesis

was suggested by the presence of only 2 thyroxyl residues per mole¬

cule of rat thyroglobulin. It should be possible to identify the

site, or sites, of coupling if this reaction is specific.

In spite of recent advances in determination of amino acid

sequence of proteins these techniques offered no isnediate hope

of yielding a complete primary structure of thyroglobulin (mol.

wt. million). An added complication was the apparent hetero¬

geneity of the protein, and lack of knowledge about its subuni.t

structure at that time. However, a possible limited objective

was to define that part of the molecule vhsre thyroxine is synth-

esised. Partial eazymic hydrolysis using trypsin or chymotrypsin

might yield between kOO and 690 peptides (based on the known spec¬

ificity of these enzymes and amino acid analysis of thyroglobulin).

Faetionation and separation of these peptides would be a major

undertaking but it was possible to limit the numbers by studying

only iodopeptides.

Thyroglobulin contains approximately 125 tyrosyl residues

of which a maximum of 30 are iodinated in vivo. If iodinstfcion

is not specific then different tyrosyl residues would be iodinated,

perhaps to different degrees, in separate molecules of thyroglobulin.
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Iodination of tyrosine (or thyronine) decreases the pi£ of dissoc¬

iation of the phenolic hydroxyl group by about two pH units for

each ortho-substituted iodine atom (Edelhoch, 1962). It should

therefore he possible to resolve identical peptides differing only

in their degree of iodination by virtue of the difference in pK

of the phenolic hydrojqrl groups* A peptide mapping technique involving

paper electrophoresis in one dimension followed by chromatography

in the other should resolve peptides on this basis if the correct

conditions are chosen* Etadioiodine-labelled peptides would be

detected on the peptide map by autoradiography.

In theory random in vivo radioiodination of the 125 tyrosyl

residues of thyroglobulin could yield 250 different iodopeptides,

assuming that each peptide contains only one tyrosyl residue, as

each residue could be either mono- or di-iodinated. The theoret¬

ical number of iodopeptides obtainable is extremely large when

one considers peptides containing two or more tyrosyl residues*

If a peptide contained two tyrosyl residues, and iodination was
a net of eight

random* there is the possibility of obtaining ^ separate iodo¬
peptides. Thyroxine synthesis might still occur at relatively

few specific sites in spite of random iodination, however* In

this case the number of thyroxyl peptides would be small unless

one or more (iodo~)tyrosyl residues were also present in the same

peptide.

Specific iodination of thyroglobulin would yield only a small

number of iodopeptides, perhaps between 30 end 60 if iodination

was specific but all tyrosyl residues were not substituted to the

same degree* In this ease a specific site of iodothyronine synthesis
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should yield a single thyroxyl peptide and also its precursor diiodo-

tyrosyl peptide. A triiodothyroayl peptide night also be obtained.

If iodin&tion and iodothyronine synthesis are specific then hetero¬

geneity in the thyroglobulia preparations will be of isinor ifflpor-

tance as only iodopeptides will be identified. Once a thyroxyl

peptide has been found it can be further purified and the amino

acid sequence determined by conventional techniques. This should

indicate whether any specific feature of the primary structure

is likely to be involved in iodothyroniae biosynthesis*

At the outset it was accepted that a high degree of non-

specificity of either iodination or sites of iodothyronine synthesis

might be observed. The outcome of this work would then be to show

that specificity was not very high, which would in itself be a

useful and significant contribution to knowledge of the role of

thyroglobulin in iodothyronine synthesis* She programme was started

and preliminary work suggested that iodination in vivo was reasonably

specific. Certain unforseen difficulties appeared, bub the work

has arrived at a stage where separation and purification of a peptide

containing thyroxine should be possible* Had this objective been

successful earlier it would have been followed up by amino acid

sequence studies adjacent to the thyroxyl residue. This would

have yielded information on the primary structure and perhaps on

the environment of the coupling sita(s) in thyroglobulin.
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2. ABBREVIATIONS.

MIT - 3-iodotyrosine.

DIT - 3,5-diiodotyrosine.

Tj - 3,3',5-triiodothyronine.

T^ - thyroxine.
laa's - iodoanri.no acids.

methimazole - l-methyl-2-merc aptoimidazole.

pCMB - p-chloromercuribenzoate.

Tg - thyroglobulin.

S-BAet Tg - S- (B-aininoethyl )thyroglohulin.

Solvents:

BA - butan-l-ol-2N-acetic acid (1:1, v/v).

BDA - butan-l-ol-dioxan-2N-araraonia (U: 1:5, by vol.) •

BAFW - butane-l-ol~acetic acid-pyridine-water (15:3:10:12, by vol.).

ABPW - 1.OM-NH^HCOg-pyridine-vater (1:1:10, by vol.).
PAW - pyridine-acetic acid-water (25:1:UT5» by vol.), pH 6.5.

PhOH - phenol saturated with distilled water.
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3. MATERIALS.

Reagenta

All common chemicals were "AnalaR"
grade reagents.

8-raercaptcethanol, ethylenimia©,
methylamine, 2-thiouracil.

Methimazole.

Carrier-free Na1^1! or Na^^I
solutions.

DEAH-cellulose (capacity 0.96 aequiv./g.)

'Sephadex*.

Silica Gel G (according to Stahl).

"Ilfex" No-screen, envelope-packed
X-ray films.

Supplier

British Drug Mouses, Poole, U.K.

Koch-Light Labs .Ltd., Colnbrook, U.K..

Kodak Ltd., London, U.K.

The Radiochemical Centre, Aoersham

Serva. Germany.

Pharmacia, Sweden.

Merck A.G., Germany.

Ilford Ltd., Ilford, England.

A direct-reading pli meter (Electronic Instruments Ltd.) was

used with an "all purpose" glass electrode (Type GHS 23), a calomel

electrode and a resistance thermometer. Alternatively, a Jena

micro dual-electrode (Type 9259/1) was used.

The source of enzymes and a description of other equipment used

are given in the text.
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1*. PREPARATION MP PURIFICATION OF THYROGLOBULIK.

The choice of experimental animals used in this work was

dictated by the ease of in vivo preparation of radioiodine-

labelled thyroglobulin of high specific activity, and the yield

of pure protein obtainable from each thyroid gland. Thyroglobulin

from mammalian thyroids was purified by salting-out, ion-exchange

cellulose chromatography and ultracentrifugation. A pure and

homogeneous preparation of thyroglobulin wa3 needed, free from

other thyroidal iodoproteins and particularly the thyroidal

proteases, peptidases and deiodinases.

U.l. Animals and radioiodiae-labelling of thyroglobulin.

METHODS

U.l.l. Rats. Wistar albino rats (170-250 g.) that had been given

a low-iodine diet (Boyd & Oliver, I960) for 2-6 weeks were injected

subcutaneously and intraperitoneal^ with volumes of 0.1 to
131

0.25 ml. of radioiodine solutions. Injected carrier-free Ha I

was normally within the range 100 to 250 yc, while 100 yc to

125
1 mc carrier-free Ha I was used. The ether-anaesthetised

animals were killed by heart-puncture 2U hr* after radioiodine

injection, unless otherwise stated. The thyroids were removed

immediately and were frozen on a watch-glass over solid CO^
before weighing and assaying for radioiodine uptake by the gland.

The thyroids were then homogenised by hand in an all-glass homo-

geniser at 0° in 1.0 - 1.5 ml./thyroid of distilled
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water, 0.15M-BaCl, or one of the buffer solutions described

below.

4.1.2. Babbits. Three Mew Zealand Whites were fed on S.G.I-

Oxoid diet (H.C. Styles (Brewery) Ltd.)5 supplemented with

fresh green vegetables daily. Cabbage leaves were not fed

to the rabbits during the two weeks immediately before the
125

experiment. Carrier-free Ha I was injected aubcutaneously

and intraperitoneally (3.3 m in 0.33 ml. to each animal) 24

hr. before the animals were anaesthetised and killed by heart-

puncture. The thyroids were removed immediately, frozen and

weighed. The tissue (2 g.) was homogenised in an all-glass

homogeniaer in 40 ml. 0.15M-NaCl at 0°.

4.1.3. Sheep. A female Scottish black-face sheep (about 30 kg.)

was injected intravenously in the hind leg with 2 ac carrier-

free Ha12'!. The sheep was killed 24 hr. later by intravenous

injection of 3 x L.D. of nembutal. The thyroid vas removed

immediately and frozen over solid C0g before assay for radio-
iodine uptake. Thyroglo'oulin was purified by ammonium sulphate

precipitation.

4.1.4. Pigs. Pig thyroids were obtained direct from the slau¬

ghter house from 6 month-old baconers that were skinned, and

not dipped in boiling water. The glands were kept chilled in

ice during transportation and were processed immediately to

extract and purify thyroglobulin (within one hour of slaughter).

4.1.5. Human. Human post-mortem thyroids were stored at -20°
until used. Thyroglobulin was extracted and purified as des¬

cribed in section 4.2. below.
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U.I.6. Assay of radioiodine. For high levels of radioactivity

a gamma-detector (Ekco Electronics Ltd., Typo N676A) shielded

by 5 cm.-thick lead bricks vos used. It was coupled to an auto¬

matic sealer unit (Ekeo, '.Type E530G, or Ekco, lype N529D) end

pulse-height analyser (Dynatron Radio Ltd., England, Type N102)

via on amplifier unit (Ekco, Type H6kOA). The sample was placed

at a convenient distance from the gamma-detector Hal crystal

and the inverse square law was applied for comparison with lover

or higher activity samples at different distances from the cry¬

stal. This was the most convenient apparatus for measuring

radioiodine uptake into thyroid glands.

Counting of lover activity samples was carried out in

10 ml. volume polythene cups (annular ring type) on a 2 cm.-

diameter thallium-activated Nal crystal, attached to a scin¬

tillation counter with amplifier (Ekco, Type N612A). This was

coupled to a sealer/pulse-height analyser (Ekco, Type N61OB).

The pulse-height analyser settings were used to reduce back¬

ground count-rates when a single radioisotope was counted. When

two radioisotopes were assayed together, discriminator and gate-

width settings were found first for the separate isotopes.
131

When I vas assayed by itself, counts were recorded

at both iodine-125 and iodine-131 pulse-height analyser settings
131

because of the vide range of energy of I emissions. Using
131

different I activities the count-rate at the iodine-125 sett¬

ing vas proportional to the count-rate at the iodine-131 sett¬

ing. When both 125I and 131I vere assayed in a mixture of the

tvo isotopes it was possible to correct for the I contribution
125

to I activity using the calculated proportionality constant.
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Ho correction to the I count-rate was necessary because I

contributed less than 1% of its count-rate at the highest activ¬

ities assayed.

.2. Ammonium sulphate salting-out.

METHOD

The method described by Ui & Tarutaai (1961) was used

to extract thyroglobulin from pig or human post-mortem thyroids.

Frozen thyroid glands were sliced (about 1 mm.-thick) at 2°
in a cold room. The slices were extracted with 0.15M~NaCl, pH

6.8, with gentle shaking for about 12 hr., by which time the

extinction at 280 my of a centrifuged sample taken from the

extract had reached a maximum. The mixture was filtered through

a double layer of gauze to remove the tissue residue and clarified

by eentrifugatioa at 10,000 rev./min. (M.S.E. High Speed 17'

Centrifuge) for 15 min. in the cold.

Salting out by saturated ammonium sulphate solution, pH

6.8, was carried out on the supernatant as described by Derrien

et al. (191*8)* All procedures were carried out at 20°. The

centrifuged supernatant was made k2% saturated by addition of

saturated axmnonium sulphate solution, and after standing for

12 hr. the precipitate was removed by centrifugation. The precip-
saturated saturated

itate was re-suspended in 1*5^(NH^)2s0jj» diluted to 31%(\M^)^Q^
and stood for 12 hr. The supernatant after centrifu&ation was

made up to kl% saturation with (HH^)gSO^, and stood for 12 hr.
before centrifuging again. The precipitate from this stage

saturated
was suspended in 31%^ammonium sulphate for 12 hr. with occasional
stirring, then centrifuged.
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The supernatant contained partially purified thyroglobulin,

in some cases the latter two stages of fractionation between
saturation of

and 37/^ammonium sulphate were repeated twice more to improve
the purification of thyroglobulin. The supernatant contain¬

ing thyroglobulin was dialysed against four changes of 2 1. of

distilled water, pH 7-8, for U8 hr. After this time the con¬

tents of the sac gave a negative BaClg test for sulphate. The
solution was freeze-dried; the yield of purified thyroglobulin

was U-7 g. per 100 g. thyroid gland, and it was stored at -20°.

DI8CUSSI0M

Berrien et al. (l9^9) stated that thyroglobulin purified

by salting-out within a narrow range of concentrations of neutral

salts was obtained in an electrophoretically and ultracentri fugally

homogeneous form. However, O'Donnell et al. (1958), Edelhoch

(i960) and Shulman & Witebshy (1962) have shown that prepara¬

tions obtained by this method usually contained small amounts

of other components when examined in an ultr&centrifuge. The

concentration of thyroglobulin (19S ultracentrifugal component)

was generally 85 to 95% of the total protein in these salt-

fractionated preparations, and the relative amounts of the com¬

ponents was reported to vary slightly from one preparation to

another. Ammonium sulphate precipitation thus produces good

yields of thyroglobulin at a slightly higher purity than was

present In thyroid crude extracts.

Some improvement might have been achieved by ammonium

sulphate salting-out of thyroglobulin from thyroid slice crude
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extracts using the modification introduced by Ui & Tarutani

(1961). They precipitated thyreoglobulin at about 1° in order

to minimise proteolysis by thyroidal enzymes (De Robertia, 19Ul;

McQuillan & Trikojus, 1953). Salt-fractionated thyroglobulin

was found to contain active proteases; however, Ui & Tarutani

{l96l) showed that chromatography on DEAE-cellulose gave a pure

preparation of thyroglobulin that was almost free from the thyroidal

proteases.

k. 3. DEAE-oellulose chromatography.

METHODS

DEAE-cellulose (Serva, batch no. 03102, capacity O.96

mequiv./g.) was prepared by alternately washing with k to 5

portions each of 1.0U-5a0H and distilled water. The volumes

were always sufficient to give a loose slurry. As filtration

was rather slow, the suspensions were centrifuged at 2,000 rev./min.

for 10 rain. (M.S.E. Major centrifuge, head No. 6872). The absorbent

was then rinsed with enough starting buffer to adjust the pH
* o

to that of the buffer. The slurry was cooled to 2 and was

degassed under vacuum before pouring into a chromatographic

column (2.3 x 25 cm.) in a cold room. About lo g. dry weight

of DEAE-cellulose was required.

Packing of the column, sample application and buffers

used have been described fully by Shulman & Armenia (1963).

Samples were collected by stepwise elution using a 5.1 ml. deliv¬

ery syphon (outlet diameter of 2 ram.) with an L.K.B. Produk-

ter RadiRae fraction collector and distributor operated
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radially for volume collection. The syphon was cleaned thoroughly

vith chromic-sulphuric acid, detergent and distilled vater he-

fore each experiment. Buffer changes vere made after the extin¬

ction of the series of fractions fell to a low value. Extinc¬

tion readings vere taken on a Unicam S.P. 500 spectrophotometer
2

at 280 my using 1 cm. silica cells. Dilutions vere carried

out vhere necessary vith the appropriate buffer, which vas also

used for the blank setting.

Solutions of thyroglobulin vere concentrated, when nec¬

essary, using polyethylene glycol (approx. mol. wt. 20,000)

sprinkled over a dialysis sac containing the tbyroglobulia solu¬

tion. Alternatively, dialysed solutions of thyreoglobulin vere

freeze-dried and the protein vaa re-dissolved in the starting

buffer. Buffer solutions vers prepared by dilution of O.^M-

aodium phosphate stock solutions and the pH's vere checked to

vithin *0.02 pH unit before use. The DEAE-callulose vas washed

vith several column-volumes of O.lM-NaOH after each run, and

vas thoroughly equilibrated vith starting buffer. Re-packing

of the column vas usually necessary after each run if the flow-

rate became too slow.

RESULT3

U.3.1. Specific extinction coefficient of thyreoglobulin. Pig

thyroglobulin vaa purified by ammonium sulphate precipitation

and dialysis, and vas then freeze-dried. A calibration graph

of extinction at 280 ay against protein concentration vaa prepared

by diluting a 0.1 and a 0.2$ (w/v) solution of pig thyroglobulin

dissolved in 0,0175M~sodiusa phosphate buffer, pH 7.50 (Fig. H.I.).



Fig. 4,1, Extinction at 280 m(x of different concentrations of

ammonium sulphate fractionated, dialysed and freeze-

dried pig thyroglobulin solutions. Sodium phosphate

buffer (0.0175M, pH 7.50) was used as solvent, diluent

and blank in 1.0 cm. silica cells.
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A value of 7.7 was obtained for the extinction coefficient of

a 1.0$ thyroglobulin solution at 2d0my in a 1.0 cia. cell.

Freeze-dried rat and sheep thyroglobulin preparations dissolved

in other buffer solutions were also found to have the same

specific extinction coefficient.

The literature value usually quoted for the specific

extinction coefficient is 10.$ (Edelhoch, i960), where freeze-

dried calf thyroglobulin was dried by heating to constant weight

at 90° in vacuo. Shulman et al. (1955) found a value of 11.6

for pig thyroglobulin after drying to constant weight at 100-

105° for 20-2k hr.i Robbins (1963) also used this value for

bovine thyroglobulin. Ui & Tarutani (1961) give values of 10.5

for pig thyroglobulin before DEAE-cellulose chromatography and

9*70 afterwards. They give no explanation for this decrease

and do not say how the specific extinction coefficients were

obtained*

Heating the glycoprotein to constant weight to remove

all traces of water is likely to cause quite severe changes

in the aoleeule. Polysaccharides are known to undergo intra¬

molecular dehydrations or even more drastic degradation on mild

heating (Greenwood, 1967). It is also likely that some of the

amino acids will undergo modification at moderately high temper¬

atures. This might explain the increase in specific extinction

coefficient f*om 10.$ to 11.6 can heating at 90° or 105°, respec¬

tively. Though the specific extinction coefficient of 7.7 is

probably slightly low for the freeze-dried thyroglobulin prep¬

arations that vill contain some water of hydration, this value

was used when an estimate of thyroglobulin concentration in

solution was required.
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4.3.2. DEAE-cellulose chromatographic purification of thyroglobulin.

An extract of crude thyroglobulin was obtained from fro¬

zen pig thyroid slices as described in section 4.2. The elu¬

tion profile obtained when this preparation was chromatographed

on DEAE-celluloaa is shown in Fig* 4.2., under conditions described

in the legend using a stepwise phosphate buffer gradient of

different molarity and pH. Table 4*1* summarises the yields

of 280 my-absorbing material in peaks from this elution profile.

For comparison the results obtained by Shulrnn and Armenia (1963)

from DEAh-cellulose chromatography of a pig thyroid saline extract

are also given. The latter workers showed that peak 3 contained

about 90% pure thyroglobulin by ultracentrifugni sedimentation

analysis. Examination of the other chromatographic peaks showed

that they all contained some thyroglobulin and varying propor¬

tions of other ultracentrifugal components.

The large peak 2 obtained from pig thyroid extract (Fig. 4.2.)

might correspond to peak 3 of Shulman and Armenia (1963). Although

the saline extract was dialysed against 0.0175M-phosphate buffer,

pH 7.5, before application to the column, it is unlikely that

all of the sodium chloride was removed (l/10th would remain).

Increased ionic strength due to the salt would result in early

elution of thyroglobulin in peak 2.

The large amount of protein eluted in peak 1 from human

or pig ammonium sulphate purified thyroglobulin in Table 4.1.

is probably due to a lower capacity of the DEAE-calluloae than

was claimed by the manufacturer. Shulamn & Armenia (1963) found

that the maximum load for the absorbent (capacity 0.93 mequiv./g.)



Table4.1.

Yieldsof280miabsorbingmaterialinpeaksobtainedfromstepwiseelutionofthyreoglobulin preparationsfromDEAE-cellulosecolumns.Peaks1to5vereelutedwiththebuffersolutionsshown
inPig.H.2.Twofurtherpeaks,B1andR2,wereelutedvithO.lH-HaOHbuttheopticaldensityat 280miwasnotreadinthefirsttwoexperiments. Sample PigthyroidHaCl extract(830 Pig(NHjJoSOkpurified Tg(8J0 Human(NHj,)pS0j, purifiedTg(8.250 PigthyroidHaCl extract(9.1850*

WeightofColuxsi proteinflow-rate applied(g.)(ml/hr.) 0.80 0.50 0.37 1.38

26 23 36

PercentofappliedsampleinPeak
123h5R1R2Total 11.7kQ.k10.39.33.fc k5.k2.821.29.U2.0

83.2 80.8

15.lt5.96.515.018.16.817.985.6 3.33.357.19.63.73.25.385.7
*FromShulman&Armenia(1963).
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was about JO og. of protein per g. dry DEAE-cellulose, and suggested

that peak 1 probably represented an excess of protein applied

to the column which was simply flushed through with the first

buffer* Using a different elution schedule, Ui & Tarutani (1961)

and Ui et £L. (1961) fractionated ammonium sulphate purified

thyroglobulin in a stepwise gradient at constant pH (6.5) and

increasing ionic strength* They emphasise that the weight-

ratio of cellulose exchanger to protein is rather critical,

and when a ratio higher or lower than that recommended was used,

thyroglobulin was eluted at either higher or lower ionic stren¬

gths.

Peak h from chromatography of human thyroglobulin is probably

the same material as Shulman & Armenia's (1963) peak 3, eluted

at higher molarity and lower pH, as the ratio of cellulose exchanger

to protein applied to the column (about 66) was too high* When

the ratio of DEAE-eellulose to pig thyroglobulin was lowered

to 32, the results were more similar to those of Shulman & Armenia

(1963), although k$% of the applied protein was eluted in peak

1, end only 2X1 in peak 3* It is likely that elution of thyro¬

globulin in peak 5 with pH h.k buffer results in denaturation

of the protein, a process which oacuxs rapidly below pH h.8

(Heidelberger A Pedersen, 1936).

DI8CUSSI0II

Highly purified thyroglobulin may be obtained by column

chromatography on DBAE-collulose, but the yield is rather poor.

The main disadvantage of this method is that thyroglobulin itself

is fractionated on these columns according to its iodine content
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(Shulman & Armenia, 1963), and perhaps its sialic acid content

as well (Bobbins, 1963)* The ultraeentrifugally homogeneous

fraction obtained by this method was shown to contain a consider¬

ably lower iodine content than the whole thyroglobulin (Ui &

Tarutani, 1961, Ui et al. 19&1; Bobbins, 1963).

Salvatore at al, (196*0 have obtained ultracentrifuga-

lly homogeneous thyroglobulin on a micro or macro scale in a

single step, either by gel filtration or by density gradient

ultracentrifugation. These results have been confirmed by Fairley

(1963), and these procedures were used to prepare pure thyro¬

globulin when required in future work*

k.k. Ultrecentri fug,at ion of thyroid iodoprotein.

k.k.l. Preparation of crude thyroglobulin, Radioiodine-labelled

thyroid homogenates were ceatrifuged at 0° at low speed (2,000

g, M.S.E. High Speed 17* centrifuge) to remove nuclei and cell

debris, then at 125,000 g for kG min. (Spinco Model L Preparative

centrifuge, swinging bucket rotor, SW. 39k). The supernatant

was dialysed at 2° for 2k hr. against two changes of 21. distilled

water, pH 10 (NH^OH), containing 0.0k2 2-thiouracil or 5mt4-
msthimaaole: the non-diffusible material was freeze-dried.

k.k.2. Ultracentrifugal sedimentation analysis.

METOOSS

Thyroglobulin preparations dissolved in 0.1M-KC1-0.02M-

3odium phosphate buffer, pH 7«k, were analysed in a Spinco Model

IS ultracentrifuge» Huns were made at room temperature (about

20°), and the average temperature of the rotor before and



Ultracentrifugal patterns of (a) pig ammonium sulphate
fractionated thyroglobulin, (b) crude rabbit thyroglobulin
and (c) crude rat thyroglobulin. Protein concentration
(w/v) (a) 0. 75%, (b) 0. 5% and (c) 0. 2%J bar angle
(a) 60®, (b) 45® and (c) 40°. Photographs were taken at
(a) 20 min., (b) 15 min. and (c) 11 min. after the rotor
had reached the nominal speed of 56, 100 rev. /min.
Direction of sedimentation is to the left.
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after each run was used in calculations below.

A single sector cell was used at a nominal 56,100 rsv./min.

The proportion of the proteins accounting for each peak was

determined from the relative areas under the boundaries in

the Schlieren diagram. No corrections were made for the concen¬

tration of protein in each peak, or for radial dilution in

the ultracentrifuge cell. For calculation of rates, the dis¬

tance of each boundary from the axis of rotation, x, was meas¬

ured at each time, t, (calculated from the odiometer reading,

knowing the relationship between number of revolutions of the

motor per odiometer unit). From plots of log x against t the

sedimentation coefficient was calculated, and corrected to give

S_n using the average temperature during the run.
6v jW

RESULTS

Pig thyroglobulin. Ammonium sulphate fractionated, dielysed

and freese-dried thyroglobulin had been stored at -20° for 3J

years. l.JSS «nd 0.75Jf(v/v) solutions of this protein were exam¬

ined in the analytical ultracentrifuge (Fig. If.3. & Table U.2.).

Extrapolation of the two ^ values for each peak to infin¬
ite dilution gave approximate sedimentation coefficients, S°Q v,

of 7.6s, 13S, 19.3S and 29S for each of the four peaks respec¬

tively. The Sg0 w value for thyroglobulin (19.3S) corresponds
well with the value of 19.obtained by Edelhoch (i960), in

0.1M-KM03 at pH 6.0.
Rabbit and rat thyroglobulin. Crude thyroglobulin was prep¬

ared as described in section 4.U.I. The sedimentation coeffi¬

cients and percentages of the components identified by



Table 4. 2.

Sedimentation coefficients (S20»w) tor the protein fractions
from pig, rabbit and rat thyroids, separated by analytical

ultraeentrifugation in 0.1M-KC1 - 0.02M-phosphate buffer, pH 7.^.

Protein sample Concentration(t.w/v) SgQ,v Amount present(%)

Pig Tg 1.5 2.3
11.5
16.0
23.3

Pig Tg 0.75 k.l lU
11.0 2
17.1 78
25.2 5

Rabbit Tg 0.50 h.6 30
12.0 12
18.2 k6
27.8 11

Rat Tg 0.20 11.5 18
18.2 75
20.6 7
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ultraceatrifugal analysis (Fig. k.3») are given in Table k.2.

As only one concentration of each protein solution was examined

it was not possible to obtain 5°0 w values for the species pres¬
ent. The concentration of rat thyroglobal in (obtained from

two rats that were fed on low-iodine diet) web too low to obtain

an accurate assessment of the three components present. The

position of the high-moleeular-weight component was difficult

to define precisely because the peak was so small, and prob¬

ably accounts for the low 5-n value. The low-molecular-wei.ghtcU ,V

material emerging from the meniscus in Fig. h.3.(c) is prob¬

ably polyethylene glycol which vaa used to concentrate the solu¬

tion, and which obscures the h-6S material seen in the other

preparations.

Salvator©, Sena, Viscid! & Saivstora (l9^5) expressed

their results as percentages of the sua of the 12S, 193 and

27S ultracentrifugal components only, and found 2% 123, %%

19S, and 2-3% 27S for rabbits, and 92jJ 193 arid J-o% 273 for

rats, iivea when the results obtained here are expressed on

this basis there are more 123 and 273 and less 19S components

present.

PI8CUSSI0H

In all three thyroglobulin preparations 3tudied, thyro-

globulin (1>B species) is the major component. Spiro (1961),

Shulraan & Armenia (19&3) and Salvatore et al. (lp6h) shoved

that association and dissociation of 193 thyroglobulin took,

place after repeated freezing and thawing of the protein solutions,

or after dialysis and freeze-drying. This could account for
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the large amounts of 12S and 27S components observed In these

preparations.

Veechio et al. (1966) have shown that the 27S thyroid

iodoprotein is a polymer of 19S thyroglobulin aubunits. The

19S species is itself made up of two readily dissociable 12S

submits (Edalhoch, i960). Further unfolding or dissociation

of these 12S subunits gives rise to lov-molecular-veight mater¬

ial with sedimentation coefficients of 3-8s (Edelhoch, 196?).

The ultracentrifugal heterogeneity seen in thyreoglobulin prep¬

arations thus appears to be largely physical rather than chem¬

ical in nature (Spiro, 1961). As thyroglobulin contains 90-

9&% of the thyroidal iodine (Edelhoch 6 Rail, 196k) it is unlikely

that minor iodoprotein contaminants will affect the isolation

and purification of iodopeptides from crude thyroglobulin, obtained

by ultraeentrifugation of thyroid homogenates (section b.U.l.).
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5. TOTAL HYDROLYSIS OF THYROID HOMOGEHATES MP THYRQGLQBULIN.

5.1. Enzymic hydrolysis

METHODS

5.1.1. Pancraatin. Hydrolysis conditions were similar to those

described by Tong L Chaikoff (1950). Thyroid homogenate or

thyroglobulin was dissolved (concn.> up to 3^,w/v) in 0.2-1.0

ml. of a buffer, pH 8.5, containing 0.07M-tris, 0.HM-NaCl,

UmM-MnSO^, and either O.OU# 2-thiouracil or 50mfl-methi.iiazole.
This buffer solution will be referred to as tris-saliae-MnSO^
buffer. In some incubations one drop of 0.0E!£(w/v) thymol blue

was added as internal indicator. Solid pancreatin was weighed

out on a precision torsion balance to give a final concentration

of enzyme in the incubation mixture of approx. 2#(w/v). The

pH was adjusted to 8.5 using a micro dual electrode. Incuba¬

tion was carried out with gentle shaking for U8 nr. at 37° under

1 drop of toluene. In later experiments the glass-stoppered

tube was flushed with nitrogen before incubation (Inoue & Taurog,

1967).

Pancreatin preparations examined were: Violas® (k U.S.P. units)

was obtained from the Viobin Corp., Monticello, 111., U.S.A..

Pancreatin (8 U.S.P. units) was a product of the Weddel Pharma¬

ceutical Co., London. Porcine pancreatin, Grade VI (h-6 U.S.P. units)

was a Sigma Chemical Co., St. Louis, Missouri, U.S.A., prep¬

aration.



- 45 -

5.1.2. Pronaae. Volumes of buffer and thyroid material were iden¬

tical to those described above in section 5.1.1. The buffer

used (Tong et al. 19^3) contained 0.07M-tria, 0.l^M-KaCl, O.OlUM-

CaClg, and either 0.0^33 thiouracil or 50^-aethimazola, and
was adjusted to pH 8.0 (tris-saline-CaClg buffer). Pronase,
a protease from Streptpayees griaeus, was purchased from Cal-

biochem, Los Angeles, Calif., U.S.A. The enzyme was weighed

out to give a final concentration in the incubation mixture

of 0.2-0.5$ (w/v). The pH was adjusted to 8.0 before incuba¬

tion for 3-2k hr. as described in section 5.1.1.

5.1.3. Pepsin, (a) Effect of pK. A -labelled thyroid homo-

genate (100 pi., 1.33$,w/v) was added to 0.U ml. of a O.O'+M-

aodium citrate buffer, pH 1.9, 3.7 or 5.2, containing 0.0h$

thiouracil. Pepsin (0.5 ag.) was added and incubation was carried
o

out at 37 for 2k hr. under toluene.

(b) Routine hydrolysis. In further experiments the thyroid

material was dissolved or suspended in 200 pi. of 0.01H-HC1

containing 50m.M-aethina.zolG. One drop of thymol blue was added

and the pH was adjusted to 1.9 before addition of pepsin to

give a final enzyme concentration of 0.5%(v/v). The pH was

checked and incubation was carried out for 2Q-2U hr. as described

above. Pepsin (2x crystallised) was obtained from Worthington

Biochemical Corp., Freehold, N.J., U.S.A.

5.1.U, Pepsin followed by pancreatin or pronase. Peptic hydro¬

lysis of tbyroglobulin was carried out as described in section

5*1*3.(b). The pH was adjusted to api>rox. 8 (lH-Na0H) after

incubation. A 10-fold concentrated solution of either tris-

saline-MnSO^ or tri3-saline-CaCl2 buffer was added to the peptic
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digest to give the correct final concentration of buffer com¬

ponents. Hydrolysis was carried out by pancreatin or pronase

as described in sections 5.1.1. or 5.1.2., respectively.

5*1.5. Papain. A 0.02!4~sodiuia citrate buffer, pH 6.0, containing

ImM-EDTA, 5mM-cysteine hydrochloride and 0.04* thiouracil was

used to dissolve the iodoprotein (Kinrael & Smith, 195*0 • Papain

(crude, obtained from British Drug Houses Ltd., Poole, U.K.)

was added to give a 2#(w/v) solution of enzyme. The pH was

checked before incubation at 37° for 2If hr. under toluene.

When 2k hr. pancreatin digestion preceded papain hydrol¬

ysis, the incubation mixture was made 8mM with respect to EDTA
2+

in order to chelate Mn ions before addition of papain. Weddel

pancreatin digestion followed by papain hydrolysis was performed

as described in section 5.1.4., but the tria-saline-MnSO^ buffer,
pH 8.5, was made 30mM with respect to MnSO^.

5.1.6. Collagenase. Pronase digests (16 hr.) of thyroid iodo¬

protein (section 5.1.2.) were adjusted to pH 8.5 (0.2N~KaQH)
and 0.3 mg. of collagenase (lype 1, Sigrn Chemical Co.) was

added to each digest. Incubation was carried out at 37° for

6 hr. under 1 drop of toluene.

5.1.7. Subtillsin. Subtilisin (0.5 mg.) was added to 300 ul.

of tris-saline-CaClg buffer, pH 8.0, containing thyroglobulin
(0.4£,w/v). Incubation was carried out for 24 hr. at 37° xmder

toluene. Subtilisin was mixed with subtilopeptidase A (Bac¬

terial Protease, lype VII) and was obtained from Sigiaa Chem¬

ical Co.
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5«1.8. 'Halleass' or 3-glucuroiiidase followed by pronase. 'Helicase'

was a crude powder from Helix poasfcla, containing 10^ units

of 8-glucuronidase (Fishman) and 15 x 10^ unite of sulphatase

(Ray) activity (Industrie Biologiq.ua Frnn^aise 3.A. „ Gennevill-
iers, Seine, France). H-glucuronidase (10^ unite) was a product

of Baylove Chemicals, Musselburgh, Scotland. Thyroglobalin

dissolved in trls-saline-CaGl^ buffer was made O.OUm with respect

to sodium citrate and the pH was adjusted to 6.0, Separate

incubations were carried out in the presence of each of these

enzymes, at 0.2 or 0.5#(w/v) concentrations at 37° for 6-2U

hr. under toluene. The pH was adjusted to 6.0 before incuba¬

tion with pronase for 2k hr. as described in section 5.1.2*.

5.1.9. Pronaae followed by exopeptidases.

(») iiouciae aninopeptldasa (from hog fcidnoy, Type HI; Sigma

Chemical Co.; « 10, 0.5% suspension). A 2k hr. pronase

hydrolysate was adjusted to pfl 1 (5N-HC1) and it was incubated

at 37° for 5 sdn. to denature the pron&ae. (Heat-denaturation

of the enzyme at 00° for 10 min. caused excessive deiodination
24. 04in the presence of Ma or Ca iocs). The mixture was adjus¬

ted to pH 8.5 and made hraM with reepeet to MnSQ^. Leucine amino-
peptidase (10 pi.) was added and the mixture was incubated at

o
3T for 22» hr. under toluene.

(b) Leucine aminopeptldaae with earboxypeptldase A-PFF.

Carboxypeptid&s® A-DFP was a dialysed, recrystallised l.G$(w/v)

suspension obtained from Sigma Chemical Co. Conditions of incuba¬

tion were identical with those described in section 5.1.9.(a),

except that c&rboxypeptidase A-DFP (3.0 ul) was added at the
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same tine as leucine aminopeptidase.

$.1.10. Partial acid or alkaline hydrolysis followed by pronase.

A carrier mixture of the four iodoamino acids (see section 5.2.3.(4))

was added to the dry thyroid iodoprotein. About 0.5 ml. HC1

or HaQH solution (at different concentrations} was added. The

glass-stoppered tube was flushed with nitrogen gas before incuba¬

tion at the required temperature for different times. The tube
the contents were

^ still.
was cooled aad^ evaporated to dryness in a rotary ^ Pronase
digestion was then carried out as described in section 5.1.2#

$.1.11. Thyroidal proteolytic enzymes. In some experiments a

thyroid homogenate was used as a source of thyroidal proteases.

A rat thyroid was homogenised in 1.0 ml. of either tris-saline-

MnSO^ buffer. pH 3.5, or tris-saline-CaCl^ buffer, pH 8.0 (ooncn.
of the thyroid homogenate was approx. 2^,v/v). Before incuba¬

tion of radioiodine-labelled tayroglobulia with panereatin or

pronase, 50 or 100 pi. of an unlabelled fresh rat thyroid hoiao-

genate, in the respective buffer, was added to each incubation

mixture.

5.2.1. Treatment of bydrolysates before chromatography. The procedure

of Plaakett et al. (1963a) for extraction of free iodoamino

acids and small peptides from hydrolysates was followed. An

equal volume of methaaol-aq, (sp. gr. 0.53) (l;l„v/v) contain¬

ing carrier iodoamino acids and iodide was added after incuba¬

tion and the resulting suspension was centrifuged. The super¬

natant was removed and the precipitate was re-extracted with

half the original volume of methaaol-aq. Up. gr. 0.83) (lsl,v/v).
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5.2.2. Paper partition chromatograpay. Whatman Wo. 3MM paper was

used throughout this work as it was possible to load the paper

with more material than the thinner No. 1 grade. Wicks were cut

at the top of the chronatogran to slow down descending solvent-

flow and prevent over-running when the chroraatogram was devel¬

oped overnight (Plashett, 196*0*

Samples were applied to 5 cm.-wide chroa&togreas as 3 csu-

long streaks at the origin. When more material was required for

preparative purposes, 12 cm.-vide chrooatograms ware used. The

maximum loading of a sample (adjusted to about pH 8.0) at the
(containing 5pg./pi.).

origin was about kQ pi./cm.^ and was usually less than half this
volume. Several applications were made at the origin in order

to obtain a narrow concentrated band of sample, and solvent was

evaporated in a current of cold air* Immediately after the last

application had dried, the paper was placed in a chromatography

tank and allowed to equilibrate with the solvent-atmosphere for

at leant an hour before adding mobile phase to the trough. The

paper was dried at k0° in air after development.

Solvents (i) Butan-l-ol-dioxan-2N-ammoaia (*»:1j5> by vol.) (BDA)

was used to reaolv® iodotyroaines, iodide, thyroxine and 3.3*,5»-

triiodothyronine. Lover phase was used to saturate the chrom¬

atography tank (Gross, Leblond, Franklin 4 Quastel, 1990).

(ii) Butan~l--ol-2N-acetic acid (1:1, v/v) (BA) gave well separated

spots of iodide, aonoiodotyrosino, diiodotyrosine and iodothyro-

ninea. The chromatography tank was saturated with lower phase

(Brown & Jackson, 195*0.

5*2.3. Detection of compounds on chroiaatograas.

(a) Radioactivity. Chroaatograaa of radioiodine-labelled
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compounds vere counted in 1 cm.-vide segments on a Baird and Tat-

lock Ltd. Radioahroxaatogrsa Scanner. Where necessary, a i cm.-

vide 'mask' was used to increase resolution between radioactive

peaks. Alternatively, an Ekco Ltd. Chromatograra Scanner (Type

N679A) was used to resolve two closely spaced radioactive peaks.

Radioactive components vere always assayed before the chromatograms

vere sprayed. The standard deviations vere <*5# of the total counts.
Details of these standard errors are not given in the following tables.
(b) Autoradiography (Rogers, 19^7)• The chromatogram was stapled

at two corners to a suitable size of Ilford No-screen X-ray film,

and allowed to expose in the dark for a variable period while

pressed between weighted boards to ensure good contact between

paper and film. Development was carried out under an X-ray film

safe-light (developer D-15^) for 2-5 min. at 7-16°. The film

was rinsed in running water and fixed (hypo-alum fixer, BJP-F)
for twice the time required to clarify the white unexposed AgBr

background. Fixer was removed by washing in running water for

J-l hour. Blackened regions of the film vere ringed in Indian

ink to define their perimeters more readily. Positions of radio¬

active compounds on the chromatogram vere compared with positions

of added carrier compounds. The chromatogram and film were super¬

imposed by means of the staple-holes and were viewed against a

strong light source: the positions of radioactive spots were

outlined on the chromatography paper in penoil.

(a) Carrier iodide was detected by spraying vith ljS (w/v) aq.

palladium chloride (Gross & Leblond, 1951). Potassium iodide

(20 ug.) was used as carrier for 5 cm.-wide one-dimensional chrom-

utograms, and 50 tig. for two-dimensional ones.

(d) Carrier iodoamino acids. A 50 ug. sample of each iodoamino
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acid gives a satisfactory spot on one-dimensional chromatograma,

and twice this quantity was applied to tiro-dimensional chromatograms.

(•) Ultraviolet absorption. ^tyrosine, thyronine and their iodin-

ated derivatives were detected before spraying by viewing the

ehromatogram under a u.v. lamp (Plasketfc, 196k). Absorbing spots

were outlined in pencil.

(f) Hinhydrin. Chromatograms vere sprayed with 0,2% (w/v) nin-

hydrin in acetone containing 3% (v/v) glacial acetic acid, and

then vere heated at 60° for 20-30 sin. (Wilkinson & Bowden, i960).

Iodotyrosinea gave a purple spot and iodothyronines a brownish-

grey spot.

(g)- Diaaotiaed sulphanilic acid (Pauly reaction). The chromato-

gran was sprayed with a solution prepared by mixing equal vol¬

umes of cooled (to 0°) O.Q5M-sulphanilic acid in 9% (v/v) HC1

and k,3% (w/v) aq. NaNOg. After air-drying at 20° for about 10
min. the chroiaatogram was sprayed with saturated aq. Ka^CO^ or
was exposed carefully to the vapour from 2N-aiumonia. Iodothyron¬

ines gave a mauve spot, iodotyrosines orange, and iodide a trans¬

itory yellow spot. On occasions the chromatograma were sprayed

first with ninhydrin and then with Pauly reagent.

5.3. Results of total enzymic hydrolysis of thyroglobulin or thyroid

homogecatea.

In interpreting the results of one-dimensional paper chrom¬

atography of the products of hydrolysis of thyroid iodoprotein,

the following points should be considered:

(i) The amount of radioactivity left at the origin dec¬

reases as hydrolysis is prolonged (Tong & Chadkoff, 195 Q)» and



Fig, 5.1. Distribution of radioactivity on chromatograms of a

pronase hydrolysate of rat thyroid homogenate obtained

24 hr. after injection of [1Wl]-iadide. Solvents: BA,

butanol-acetic acid! BDA, butanoi-dioxan-ammonia.
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the amount of this radioactivity is usually less when the sol¬

vent is butanol-2H-acetic acid (BA) than when the solvent is butanol-

dioxan-2N~ammonia (BDA). The best available estimate of high-

molecular-weight unhydrolysed material is therefore the radio¬

activity left at the origin by the solvent BDA.

(ii) In general the amount of radioactivity found in the

iodide spot is less with solvent BA than solvent BDA. Wilkin¬

son & Bowden (i960) consider that peroxides that contaminate dioxan

might be responsible for deiodinating iodoamino acids in BDA sol¬

vent. In the acidic solvent BA some iodide is converted into

iodine which migrates at the solvent-front (Plaskett, personal

communication). An estimate of iodide from the mean on BDA and

BA chromatograms is thus likely to be closer to the true value.

(iii) ELaskett at al. (l963a,b) have already pointed out

that the iodotyrosines are better estimated on BA chromatograms

and that the iodothyroninea are better estimated on BDA chrom¬

atograms (see Fig. 5.1.).

(iv) Iodide usually accounts for about 5% of the total,

radioactivity on these chromatograms (Tong & Chaikoff, 1958; Plas¬

kett et al. 1963a,b). The sum of mono- and di-iodotyrosine on

BA chromatograms is approximately equal to the iodotyrosine percen¬

tage on BDA chromatograms. The BA solvent-front material accounts

for a higher percentage of the radioactivity than the sum of iodo-

thyronines on BDA, probably due to other radioactive contaminants

present in the BA solvent-front peak (Plaskett et al. 1963a).

(v) The term "total hydrolysis" will be used throughout

to mean an attempt to cleave all peptide bonds, though not necess¬

arily actually doing so.



Table5.i.

Pancreatin(Viokase)hydrolysisofratthyroidhomogeaates,pulselabelledinvivowithiodine-131
24hr.beforeslaughter.Ratsweremaintainedonanormalrat-cakedietoralow-iodinedietforone month.Individualthyroidsfromfourandthreeratsrespectivelywerehydrolysedseparately,andthe valuesshownarethemeanoftheseresults.Eisthesumofiodide(mean)plusMITandDITonBA plusT3andTUonBDA.

Percentofradioactivityonchromatograms
Diet

Solvent

Origin

Iodide

MIT

DIT

t4

53

EI~+Ioos

Normal

BA

1.64

5.51

18.66

38.71

17.81

BDA

4.91

5.87

62.12

11.81

1.92

76.99

Low-Ig

BA

1.32

4.44

29.83

24.78

28.55

diet

BDA

5.15

6.10

51.27

19.10

3.62

82.60



Table3,2,

ComparisonofViobin(Viokase),SigmaandVeddelpancreatinpreparations.Hydrolysisof ammoniumsulphateprecipitated,dialysedandfreeze-driedsheep[*2^l]-thyroglobulin. ResultsarethemeanoftwohydrolysatesatpH8.5forUShr.at37°.Aperiodofsix monthselapsedbetweenhydrolysisofthesamethyroglobulinpreparationbyViokase(l)and theotherresults.

Percentofradioactivityonchromatograms
Solvent

Viokase(l)BA
BDA

After6months: Viokase(2)BA
BDA

Sigma Weddel

BA
BDA BA BDA

Origin 5.U 0.7 11.U 8.5 6.2

Iodide 0.3 7.3 7.8 7.1 9.2 7.2 7.2 7.8

mrdit 21.330.3 76.8

TU

T3

1U.5
6.61.3

19.128.29.0 80.15.3l.U
20.222.U 82.7

19.8U2.3 68.0

lU.2
5.61.2 12.9

lU.93.1

Elaa's+l" 67.3 61.5 57.6 87.7

•Sumofiodoaminoacidsandiodide(mean).
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5.3.1. Pancreatin hydrolysis of normal and iodine-deficient rat

thyroid homogenates. The results of Viokese pancreatin

hydrolysis of -labelled thyroid hoaogenate3 obtained from

rats fed on normal or low-iodine diets are shown in Table 5.1.

The ratio of mono- to di-iodotyroaine is leas for rats fed on

a normal diet (0.5) than for iodine-dafiaient rate where the ratio

is about 1.0 (cf. Plaskett et al. 1963a). Iodine-deficient rat

thyroids contained nearly twice the percentage of labelled thy¬

roxine and triiodothyronine that wan present in normal thyroid

hoaogenatea. The specific activity of thyroids from four rats

on a normal diet was 0.25-0.1* uc/mg. of wet tissue (3--4& of the

injected dose), while it was 1.1-2.6 yc/iag. (20-44$ of the injec¬

ted dose) for three iodine-deficient rats. Thyroglobulia (and

thyroxine) with a high specific activity can thus be obtained

from rats maintained on a low-iodine diet.

5.3.2. Hydrolysis of sheep thyroglobulin. using three pancreatin

preparations. Table 5.2. compares the results of hydro¬

lysis of sheep [^^i]-labelled thyreoglobulin (see section 4,1.3.)

using Viobin (Viokasa), Weddel and Sigma pancreatin preparations.

Viokase(l) hydrolysis was performed 6 months before Viokase(2)

and the other hydrolyses. Origin material cm BA ehromatograias

is higher and the free iodoamino acids are lower when Viokase(2)

and Sigma pancreatin hydrolysis are compared with Viokase(l).

Higher iodide percentages in solvent BA than solvent BDA probably

represent contamination of the BA-iodide peak with iodopeptides

(see section 5*3.(ii)). The sum of mono- and di-iodotyrosine

in solvent BA is much less than the iodotyrosines estimated



Table5.3.

Hydrolysisofa[*^Tj-labelledratthyroidhoaogenatebypapainatpH6.0 for6,2kandkBhr.Coarpositionofhydrolysates. PercentofradioactivityonchroKatograms
r—.■A

Time(hr.)
Solvent

Origin

Iodide

MI?DIT
TbT3

6

3A

20.2

lfc.7

15.717.7

23.7

SDA

0.3

1T.0

69.6

6.70.5

2k

BA

18.3

20.2

17.5Ik.k

17.1

BDA

-

21.1

68.6

5.20.5

kQ

BA

19.2

21.U

16.816.O

16.2

BDA

22.3

68.0

5.91.2
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in solvent BDA. Origin material and the iodotyrosine peak in

solvent BDA were combined as they were not clearly separated during

chromatography.

Weddel pancreatin hydrolysis yields satisfactory iodoamino

acid release, with thyroxine increasing to nearly 15$ from the

5-6$ obtained with the other pancreatins. Radioactivity accounted

for as free iodotjrrosines (in solvent BA), free iodothyronines

(in solvent BDA) and iodide (the mean of the two values on BA

and BDA chromatograms) is higher for Weddel pancreatin than the

other preparations (87$ and 57-67$ respectively). Sigma pancreatin

was not suitable for total hydrolysis of sheep thyroglobulin.

Comparison of Viokase and Weddel pancreatin hydrolysis of rat

thyroid homogenates confirmed that the latter preparation was

more satisfactory for iodoamino acid release. It is likely that

Viokase had 'aged' with storage at 0°, as Plaskett et al. (1963a,b)

had obtained excellent hydrolysis results with this same batch

of pancreatin.

5*3*3. Papain hydrolysis of a P^l] -labelled rat thyroid homogenate.

Papain was examined in an attempt to improve hydrolysis of thyroid

iodoprotein. A large amount of unhydrolysed material remained

after 6, 2k and U8 hr. incubation (Table 5.3.) and the percen¬

tage of iodide on the chromatograms was excessive. Only small

amounts of thyroxine were found. The papain used was a crude

powder and might have contained material which caused deiodina-

tion of the iodoamino acids during hydrolysis. Thyroidal deiodin-

ases present in the homogenate were also likely to cause iodo¬

tyrosine deiodination at pH 6.0 (Slingerland & Josephs, 1958;



Table5.4.

Hydrolysisofa[^^l]-labelledratthyroidhomogenateforvarioustimesusingpepsin, followedbyVeddelpancreatinfor2bhr.AWsddelpancreatindigestisincludedfor comparison.Theratwasmaintainedonadietofnormalrat-cake.Hydrolysisconditions aredescribedinsection5.1.b.
EnaymeTime(hr.) Pepsin6 Pepsin2k Pepsinb8 Pepsin/b8/2b Veddel

SolventOriginIodide
Veddel

W

BA BDA BA BDA BA BDA BA BDA
BA

BDA

Percentofradioactivityonchromatograms PITTUT3Haas*
22.6 lb .8 12.8 2.8

1.2

23.7 7.6 30.1 5.8 28.0 7.It *.5
7.3

7.0 6.6

MIT k.98.5 65.7
k.l10.7 62.8

b.512.9 62.8

19.751.2 69.3

15.9b9.8 63.3

27.0
15.22.731.3 31.3

lb.82.b32.0 31.1
18.53.539.b lb.l

13.5b.O88.b 17.6
11.71.679.0

£isthesumofMITandDITonBA,andT3andTbonBDA,(excludingIodide).



Table5-5.

EffectofpHonpeptichydrolysisofP"^l]-labelledratthyroidhomogeuate: compositionofhydrolysatesasrevealedbyone-dimensionalchromatography. Percentoftotalradioactivityanchronatograa.
&

Mocoiodo-

Diiodo-

Thyroxine

Triiodo¬

(!&♦T3)/

tyrosine

tyrosine

thyronine

(MIT♦DIT)

1.9

9.3

2k.3

16.3

2.1

0.55

3.7

Ik.3

25.0

U».7

2.0

0,k2

5.2

9.6

111.9

17.7

1.1

0.78
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Stanbury, i960). Papain hydrolysis under these conditions was

unsatisfactory.

(a) Time of incubation. Peptic hydrolysis of a rat thyroid homo-

genate in citrate buffer, pH 1.9, released most of the thyroxine

and triiodothyronine after 6 hr., and only a slight increase occur¬

red up to U8 hr. hydrolysis (Table 5 •**•)• A lot of peptide material

remained unhydrolysed and only about one-quarter of the iodotyrosines

was released after h8 hr. This result is surprising in view of

the fact thatN-acetylphenylalany1 diiodotyrosine is used as a

synthetic substrate for pepsin assay (Baker, 1951).

The U8 hr. peptic digest was examined further by hydrolysis

with Weddel pancreatin at pH 8.5 for 2k hr. These results (Table

5.4.) compare favourably with a kQ hr. Weddel pancreatin digest

of the same thyroid homogenate, Iodothyronine3 on the BDA chrom-

atogram are slightly higher after pepsin/pancreatin hydrolysis,

and total iodoamino acids accounted for (excluding iodide) are

greater than with pancreatin alone (88$ against 79$ respectively).

(b) pH of incubation. The thyroid from a rat on a normal diet

was labelled in vivo with iodine-131, then homogenised, dialysed

and freeze-dried. hydrolysis in citrate buffers at pH 1.9, 3.7

and 5*2 was carried out for 2k hr. using pepsin (section 5.1.3.(a)).

For clarity unhydrolysed material has been omitted from Table

5»5« hydrolysis by pepsin at pH 5*2 produced the higher iodo-

thyronine to iodotyrosine ratio, but this was mainly a reflec¬

tion of the low iodotyrosine yield. In further experiments it

was found convenient to hydrolyse thyroglobulin preparations



Table5.6.

WeddelpancreatinandpronasehydrolysisofP^l]-labelledratthyroidhomogenateand crudethyroglobulin:compositionofhydrolysates.Mean+standarderror(n■3). Percentoftotalradioactivityonchrom&togram
EnzymeSolvent
Origin

Thyroidhoaogenate: PancreatinBA1.99+0.13 BDAU.27+0.12
PronaseBA0.73*5.05 BDA2.50+1.15

CrudeThyroglobulin: Pancreatin Pronase

BA
BDA BA BDA

2.29*0.14 7.62*0.79 0.98*0.15 5.86+0.16

Iodide

MIT

DIT

3.70+0.1329.72+1.3633.92+0.72 6.11+0.5558.76+1.17 5.74+0.5329.30*3.4431.22+1.14 5.82+0.5564.01+1.18 4.43*0.3532.80*3.8928.13+1.28 6.39+0.0456.51+2.01 2.60+0.2428.50+0.8833.45+0.57 2.80+0.6462.84+0.47
T4

T3

17.48+1.02 16.30+0.683.00+0.06 23.17*3.55 15.87+0.383.41*0.14 21.55+2.48 16.38+0.752.96+0.30 23.02+0.34 17.10+0.812.73+0.17
£I+Ioais 87.85 85.58 85.68 84.48

*£isthesubofiodide(mean)9MITandDITonBAandT4andT3onBDA.
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at pH 1.9 by acidifying the protein dissolved in distilled water,

rather than the citrate buffers used above.

5.3.5. Comparison of hydrolysis of thyroid iodoprotein using pancreatin,

pronaae and pepsin. Thyroids obtained from four iodine-

deficient rats were homogenised together in 0.15M-HaCl (1.5 ml./thyroid).

Two-thirds of this hoiaogenate was centrifuged and freese-dried

as described in section 4.4.1. to obtain crude thyroglobulin,

while the remaining one-third was used without further treat¬

ment. Hydrolysis results below are the mean of three separate

incubations.

(a) Hydrolysis by tfeddel pancreatin and pronaae. Conditions

for hydrolysis were described in sections 5*1*1* and 5.1.2. respec¬

tively. Table 5.6. shows that there is little difference betweon

hydrolysis of the thyroid homogenate or crude thyroglobulin by

pancreatin for 48 hr., except for a small increase in origin

material in the latter case. The same trend was observed in

the promise digest (for 16 hr.), but in addition the amount of

iodide on the ehromatogroms was halved when crude thyroglobulin

was hydrolyaed with pronase. The two enzyme preparations yielded

virtually identical iodoamino acid release from thyroid iodo¬

protein, but pronase achieved these yields in a 16 hr. incuba¬

tion period vhile Weddel pancreatin required 48 hr.

(b) Hydrolysis by pepsin, and pepsin followed by pronaao. (Sections

5.1.3. and 5*1*4. respectively). Almost identical hydrolysis

results were obtained by the action of pepsin (for 24 hr.) on

the thyroid homoganate or crude thyroglobulin shown in Table

5.7* Pepsin followed by pronase digestion did not yield signific¬

antly different results for the two thyroglobulin solutions



Table5.7.

Hydrolysisof[*^l]-labelledratthyroidhooogenateandcrudetbyroglobulinusingpepsin,andpepsin followedbypronase:compositionofhydrolysates.Mean*standarderror(a■2or3). Solvent

Ifayroidhonogenate: Pepsin
(a-3)

BA BDA BA BDA

Pepsin/ Pronase
(a-2) Crudethyroglobulin: Pepsin

(n-3)

10.75*O.W* 20.76*1.61 1.0H*0.01 2.26*0.30
Percentoftotalradioactivityonchromatograms MIT■*--—

Pepsin/ Pronase
(n-3)

BA BDA
M

BDA

10.1*1**0.82 19.65*1.90 1.10*0.22 3.59*0.09

Iodide 15.87*5.33 9.21*1.79 2.87*0.62 3.2U*0.5fc 12.81*1.25 7.23*2.36 1*.60*1.1*6 6.51*1.82

T3

2I"+Iao's

15.78*0.6519.57*1.9222.72*5.08 1*0.21*0.2316.97*2.173.20*0.1*264.73 26.09*0.0727.90*0.8133.86*2.23 69.57*0.1*116.Oh*1.112.5S*0.0275.1*9 l6.3h*0.6221.01*0.9927.60*2.55 38.17*2.07l6.7h*2.301*.1*6*0.2065.78 32.31**1.0330.63*0.2618.1*1*3.50 61*.1*0*2.21ll*.21*2.902.96*0.2981*.7h
Iisthesumofiodide(lowervalue),MITandBIToaBAandThandT3onBDA.
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(results of pepsin/pronaae hydrolysis of the thyroid hoaogenate

were the mean of only two incubation mixtures). It is noteworthy

that large amounts of iodide material on BA chromatograas of

peptic digests are reduced to less than 'ji of the total radio¬

activity when pepsin/pronase hydrolysis is performed, while thyroxine

levels remain almost unchanged. Comparison with the results

in Table 5.6. show that panereatin, pronaae, or pepsin followed

by pronase, yield virtually identical results when crude thyro¬

globulin or a thyroid homogenate are hydrolysed, and about 85^

of the radioactivity is accounted for as iodoamino acids and

iodide. Thyroxine estimation after hydrolysis using the pepsin/pronase

combination had a much greater standard error of the mean than

the other incubations, though.

DISCUSSION

In this study the use of iodine-deficient rats vss found

to yield thyroglobulin with a higher specific activity than rats

fed on a normal diet. Iodine-deficient rats were therefore used

in future work unless otherwise stated.

It is essential to be able to determine the iodoamino acid

content of thyroglobulin accurately and with the minimum of arti¬

facts. Rosenberg & LaRoche (198k) have shown that iodothyronines

are adsorbed on particulate matter and may be lost when centri-

fuged supernatanta of thyroid hydrolysat®3 are chromatographed.

free iodothyronines are also bound quite strongly to glass (Lisaitzky,

Benevent 6 Roques, I960) Imarisio & Greco, 196i»). Both of these

losses are minimised by extraction of the hydrolysate with
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methanol-aq,. SK^ (ep.gr. 0.58) (l5l,v/v) described in section
5.2.1. (KLaskett et al. 1963a, Rosenberg 6 LaRocke, 196k). Sawples

were applied to the chrcaaatograins which were developed immediately

in order to minimise deiodination of iodoeuaino acids on the paper

(Taurog, 1SK>3).

Plaakett at al. (1963a) found 1$ of thyroidal radioactivity

at the origins of Viokaao bydrolyaates ehromatographed in butancl-

acetic acid solvent. TOng & Chaikoff (1953) lost 5$ of the total

radioactivity of the thyroid by centrifuging the thyroid hoao-

geaate before Viokuse hydrolysis, and detected 5-10$ of origin

material on chroraatograms developed with collidina-ammonia solvent,

the latter workers state that with more aqueous solvent system

the origin material separates into several components, probably

peptide in nature, which migrate from the origin. Although origin

material on the chroaatograaa reflects the amount of unhydrol-

ysed material remaining, a better criterion of completeness of

hydrolysis is the total radioactivity accounted for in the iodo-

amino acid and iodide spots.

In the best hydrolysis achieved above only 65# of the total

radioactivity is accounted for in iodoaadno acid and iodide spots.

Tong at al. (1963) and Rosenberg & LaRoche (196U) found about

95$ of the radioactivity in iodoamino acid and iodide spots after

Viokase or pronase hydrolysis. Their estimations are based on

only one chromatogram, however. Plaskett at al. (1963a) have

pointed out that incomplete separation of iodoaraino acids, or

contamination with minor components is difficult to avoid on a

single chromatogram, unless at least two chromtograas are developed

in different solvent systems. In this work the trailing and
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leading edges of each peak were omitted when calculating the radio¬

activity present. These factors probably contribute to the apparen¬

tly low yields of iodoamino acids obtained, compared with the

resultB of other workers.

Viokase pancreatin hydrolysis of thyroidal iodoprotein in

the first part of this work was satisfactory. This preparation

was replaced by Veddel pancreatin when ammonium sulphate purified

sheep thyroglobulin appeared to be incompletely hydrolyaed by

Viokase, probably due to 'ageing* of the latter product. The

bacterial enzyme, pronase, was shown in later work to be super¬

ior to the pancreatin preparations as hydrolysis was more rapid

than with pancreatin, in agreement with the results of Tong et

&L. (1963). Papain hydrolysis was incomplete and deiodination

was extensive.

In an attempt to exploit the acid pH optima of the thyroidal

proteases and peptidases (McQuillan, Stanley & Trikojus, 1951**

JabIonski & McQuillan, 19&7) peptic hydrolysis of the radioiodine-

1shelled thyroid homogenate was examined. There was no indica¬

tion that the thyroidal enzymes augmented hydrolysis by pepsin.

It is unlikely that either (a) the buffer, (b) the omission of

possible activating metal ions or (c) the conditions of incuba¬

tion could have decreased the activity of the thyroidal enzymes

(Ekholm, Smeds & Strandberg, 1966, Kress, Peanasky & KLitgaard,

1966). The purified thyroidal protease (McQuillan et aL. 195^i

Kress et al. 1966) and peptidase (Menzies & McQuillan, 1967) with

acid pH optima attack various synthetic substrates containing

aromatic amino acids or aromatic and aliphatic amino aicds, which

indicate that they have a similar specificity to pepsin. However
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neither group of workers found preferential release of iodothyronines

over iodotyrosines by the thyroidal enzymes.

Hutchison (1896, 1898) reported that peptic hydrolysis of

thyroglobulin yielded an iodine-rich, thyro-active fraction. Later

work showed that peptic digestion did not produce much free thyroxine

(Harington & Randall, 1931 i Roche et aJL. 195*0. It is unlikely

that this was because thyroxine was adsorbed on unhydrolysed peptide

fragments as organic solvent-extraction was used. An increase

in pH during digestion might account for incomplete hydrolysis,

though.

In this work pepsin was shown to release the iodothyronines

completely from thyroid iodoprotein, but a large amount of unhydrolysed

material remained. Virtually complete hydrolysis was achieved

using pepsin followed by either pancreatin or pronase, although

these results were not superior to those obtained using the latter

enzymes alone.
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6. PARTIAL BB'ZYMIC HYDROLYSIS OF THYROID IODOPROTEIN.

Preliminary experiments were carried out using thyroid homo-

genates as substrates for purified trypsin and a-chymotrypsin.

Crude thyroglobulin (section U.U.I.) was used in later experiments.

Partial hydrolysis was used to produce small peptides from thyro¬

globulin in order to facilitate the separation, purification and

further examination of a peptide containing thyroxine.

6*1* Methods of tryptic and a-chymotryptic hydrolysis.

Enzymes. Trypsin (from bovine pancreas), Type III, Sigma Chemical

Co., was substantially salt free, 2x crystallised and lyophil-

ised. (10,000 B.A.E.E. units/mg.; Lot No. T23B-337).

a-Chymotrypsin (from bovine pancreas)/ Type II, Sigma Chemical

Co., wan salt free, 3x crystallised and lyophilised. (8,500 A.T.E.E.

units/mg., Lot No. 85B-1690).
radioiodine,

Hydrolysis. Rat thyroids, labelled in vivo with £ were homogen¬
ised in either tris-saline-MnSO^ buffer, pH 8.5, or O.OUM-aramonium
bicarbonate buffer, pH 8.0, containing thiouracil or methimazole

(section 5*1*1*)• Ibe protein solutions (0.2-2.0# w/v) were adjusted

to pH 8.0. A suitable weight of enyzme (0,2-0.5 mg*) was dissolved

in 100 yl. 0.0UM-NH^HC03 buffer, pH 8.0, and 10 to 50 yl. was
added to the protein solution to give a final enzyme/substrate

ratio of 1:100 (w/w). Incubation was carried out in a stoppered

tube at 37° with gentle shaking under 1 drop of toluene. The

extent of hydrolysis was judged by removing samples of digestion

mixture at various time intervals and chromatographing them in

butanol-acetic acid (BA) or butanol-dioxan-ammonia (BDA) solvents

(section 5*2.2.).



Fig. 6.1. Distribution of radioactivity on chromatograms of a

24 hr. tryptic digest of a [***1]-labelled rat thyroid

homogenate. Iodoamino acids were identified by elation

and re-chromatography in the presence of carrier

compounds.



Fig, 6.2. Distribution of radioactivity on chromatograms of

tryptic digest* of [u*l]-labelled thyroid homogenate that

had been denatured by heating at 90* for 5 rain.

Incubation at pH 1.0 for 0, lfc, 4 and 24 hr. at 37*.

Solvent was BA.



62-

6.2. Results of partial anzymio hydrolysis.

6.2.1. Trypsin. A ["^i]-labelled rat thyroid homosenate was hydrol-

yaad with trypsin, and samples vara removed for chronatography

at aero-tima, 10 rain., and i, 1, 3, 6 and 2H hr. Lov-molaeular-

veight radioaetiva material began to migrate from the BA and BOA

ohromatograra origins after 30 min. incubation with trypsin* This

material increased rapidly, and almost complete release of the

iodotyrosines, along with only some of the iodothyroninee, was

achieved in the hr* sample (Fig. 6.1.), Elutioa and re-chromatography

of the iodotyrosine and iodide peaks in BOA and BA solvents confirmed

that they did not contain iodopeptide material* It is likely

that extensive hydrolysis of thyroid iodoprotein at pH 6.0 is

due to the thyroid mast-cell ensyae (Pastan & Almqyist, 1966a,b)

which ia present in the homogenate.

The thyroidal proteases were denatured by heating the hoao-

genate at 90° for 5 tain. The extent of trypfcic hydrolysis was

followed by chrom&tographing samples of the digest at zero-time,

2, k and 2k hr* Thare waa only a alight further inerease in hydrolysis

between A and 2fe hr. incubation (Fig. 6.2.}, and only a small

percentage of free iodotyrosines were released in the 2U hr. tryptic

hydrolysate.

In preliminary studies on fractionation of tryptic peptides

from thyroglobulin (section 7» below), 2k hr. digests of heat-

denatured (90°) thyroid iodoprotein were used. In later work,

k hr* tryptie digestion was used to conform with the concurrent

studies on in vitro thyroglobulin biosynthesis being carried out

by Fairley (1966).
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Table6.1.

Chromatographyofchymotryptichydrolysatesofa[^^i]-labelledratthyroidhoaogenate denaturedbyheatingat80°for5Jain.Incubatedat3T°andpH8.0fordifferenttimes andthenchroraatographedinsolventBA. PercentoftotalradioactivityonBAchromatogr&ms
?ime(hr.)

Origin

Iodide

i-lIT

BIT

Restofchroaatogram

2

58.5

6.7

-

-

31**8

6

52.9

5.3

2.3

-

39.5

8

1*7.0

6.5

l*.l

-

1*2.5

2k

36.5

6.1

6.3

6.2

1*1*.9
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6.2.2. q-Chyxaotrypsin.

6.2.2.1. Chroaatograpny of digests. In preliminary experiments

it was found necessary to denature endogenous proteases that augmented

chyiaotryptic hydrolysis in thyroid horaogenates, as was described

in section 6.2.1. with trypsin. Fig, 6.3. compares the paper

radioohromatogr&paic pattern of a 90° heat-denatured, [^l]-
labelled thyroid homogenate before and after 24 hr. chynotryptic

hydrolysis.

Heat-denaturation of thyroglobulin is discussed fully below

(section 10.4.). A P^'l] -labelled rat thyroid honogenate was

denatured by heating at 80*1° for 5»0 sin., then it was dialysed.

The thyroid iodoprotein was hydrolysed at pH 8.0 at 37° using

o-chyaaotrypsin. Samples were withdrawn at 2, 4, 6, 3 and 24 hr.

intervals and were chroaatographe& in solvent M. An additional

ehromatogram of the 24 hr. digest was developed in BOA to estimate

the amount of iodide present (4H), There vas little evidence

of Mono- or di-iodotyrosine in the 2 or 4 hr. hydrolysates, while

monoiodotyrosine increased from 2 to 4 end 6% of the total radioactivity

in the 6. 8 and 24 hr. digests, respectively (Table 6.1.).

6.2.2.2. Determination of the number of bonds split by q-chymotrypsin.

MATiSRIALS & METHODS

(a) Autotitration. A Radiometer Till pH-stat and autotitrator

vas calibrated with standard buffer at pH 6.5. Freshly prepared

0.113M-HaOH was standardised by titration with Q.lOS-potaasiusa

hydrogen phthalata to a phenolphthalein end-point, and 0.011H-

MaOK vas obtained by accurate dilution.
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The reaction mixture (about 1 ml. vol.) was stirred magneti¬

cally in a specially designed constant-temperature water-jacket

at 37°. A glass micro-electrode, calomel electrode and KC1 salt-

bridge were introduced and the reaction vessel was flushed with

a steady stream of nitrogen gas. The chart-speed and pen-speed

motors were arranged to give optimum response and sensitivity

to the conditions of titration. Initially the solution was adjusted

to the required pH with O.lH-NaOH.

(b) Chymotryptic hydrolysis of thyroglobulin. Crude rat thyroglobulin

solution (2-3 mg. in 1.0 ml. 0.15M-NaCl) was incubated at 37°
for 5 min. and the pH was adjusted to 8.2. A convenient concen¬

tration of a-chymotrypsin was made up in 0.15M-NaCl five minutes

before use and 10 pi. was added to give a final l:100(w/w) enzyme/protein

ratio. pH-stat autotitration was carried out for periods up to

about 8 hr.

The average pK of ionisation of the amino groups released

by chymotryptic digestion was found by autotitration. Thyroglobulin

(3.12 mg. in 1.0 ml. saline) was denatured by heating at 100°
for 5 min., and autotitration was carried out between pH 5.6 and

11.0. This thyroglobulin solution was then hydrolysed by a-chymotrypsin

(20 ug. in 10 pi.) for 8 hr. at pH 8.2 in the pH-stat. The enzyme

was denatured by heating at 100° for 5 min. before the pH was

reduced to 5.6. Autotitration was carried out once more with

0,01N-Na0H up to pH 10.U. The two autotitration curves were subtracted

from each other to find the incremental volume of NaOH added at
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6.4.pH-fctatautotitrationofachymotrypticdigestofratthyrogiobulinwhichhad beendenaturedbyheatingat100*for5rein.Thyrogiobulin(3.12mg.)was incubatedat37*atpH8.2witha-chymotrypsin(20Mg.).Added0.OlN-NaOH isexpressedasapercentageofthedelivery-syringevolume(0.5ml.).
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various pH values. A graph of the incremental volume of NaOH

added against pH van not a simple pH-dis30ciation curve, probably

because the iodoamino acid phenolic hydroxyl dissociations, masked

in the intact protein, were superimposed on the various amino

dissociations. This curve was differentiated graphically and

the maximum showed that the amino groups released by chjrmotryptic

digestion had an average pK of 7.75.

Using this pK and the relevant pH-stat pH (8.2 in most cases),

the ratio of dissociated to total amino groups was found (2.82/3.82).

This factor was used to calculate the number of bonds broken by

a-chymotryptic hydrolysis to allow for dissociation of released

amino groups, assuming a raol. wt. of 660,000 for thyroglobulin.
also

Hiese autotitration resultindicate that the average pK of tyrosyl

phenolic hydroxyl groups of the protein is above 10, so it is

safe to assume that their dissociation does not interfere with

dissociation of the amino groups during pH-stat autotitration

at pH 8.2 (cf. Edelhoch, 1962).

RESULTS

pH-stat autotitration indicated that cbymotryptic hydrolysis

of thyroglobulin only increased very slowly after 8 hr, incubation

(Fig. 6.U.).

Table 6.2. shows the number of bonds broken after 8 hr.

chymotryptic hydrolysis of crude rat thyroglobulin. Untreated

native thyroglobulin was hydrolysed less than was 80° heat-denat¬

ured thyroglobulin. Access to chymotrypain-sensitive bonds is

presumably increased after heat-denaturation. Hydrolysis of

tbyroglobulin denatured at 100° was less than the preparation



Table 6.2.

lumber of bonds split by o-chymotryptic hydrolysis of rat

thyroglobulin after 3 hr. Comparison of native thyroglobulin

with 80° and 100° beat-denatured thyroglobulin preparations,

examined by pH-atat autotitration at 37° and pH 8.2 in 0.15M-NaCl.

Treatment of thyroglobulin Ratio of enzyme Uumber of bonds

to protein (w/w). split after 8 hr.

None (native Tg ) 1:110 390

80° heat-denatured Tg 1:113 569

100° heat-denatured Tg 1:156 U75
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o O
denatured at 80 . A lower enzyme to substrate ratio was used

%

in the former case and this may be the reason for the difference

between the two denatured thyroglobulin results.

DISCUSSIOM

Chromatography and pH-stat autotitration of a-chymotryptic

digests of rat thyreoglobulin both show that hydrolysis is approach¬

ing a maximum after about 8 hr. incubation at pH 8 at 37°.
Primary sites of chymotryptic hydrolysis are the carboxyl

peptide linkages of aromatic amino acids (Leggett Bailey, 1962).

Holland at al. (i960) found that rat thyroglobulin contains the

following aromatic amino acids, in rasiduea/raole (see Table 1.1.):

Tyr - 128; Phe - 260; Trp - 77; MIT - 10, BIT - 10; T3+TH - 2.

If all of the bonds involving these amino acids were split then

a theoretical value of 1*87 would result. Secondary sites of

chymotryptic hydrolysis are also likely to contribute to this

number. The experimental results for number of bonds split per

molecule of thyroglobulin by 3 hr. chymotryptic hydrolysis was

about 1*00 for undenatured thyroglobulin , and about 550 for 80°
heat-denatured thyroglobulin. Peptides produced by chynotryptic

digestion of 80° heat-denatured thyroglobulin would thus have

an average molecular weight of about 1200, and would contain an

average of 10 amino acid residues/peptide (or less than 10 if allow¬

ance is made for the 10$ of carbohydrate in thyroglobulin).

Chyxaotxyptie or tryptic digestion of thyroglobulin must be

preceded by inaetivation of thyroidal proteases present in thyroid

hoaogenates, however. The optimum time of incubation of enzyme
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vith thyreoglobulin in a ratio of ltXOO (v/v) at 37° and pH 8.0

vaa found to ba 8 hr. for a-ohymotrypain, and Fairlay (1963) found

k hr* for trypsin.
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7. PEPTIDE FRACTIONATION TECHNIQUES.

Separation and purification of iodopeptides obtained from

partial enzymic digests of thyroglobulin vas attempted by chrom¬

atography and electrophoresis on paper, and by gel filtration.

Paper chromatographic methods. (See also section 5.2.2,).

7.1.1. Chromatography solvent systems. In addition to the solvents

described in section 5.2.2. the following were used:

(i) Phenol saturated with ion-free distilled water (8o#,w/v) with

the tank atmosphere saturated by vapour from 0.3# (v/v) aq. NH^
(Fink et al. 19^7).

(ii) Butan-l-ol-acetic acid-pyridine-water (15:3:10:12, by vol.)

(Light & Smith, 1962).

(iii) iso-Amyl aleohol-pyridine-water (7:7:6, by vol.) (Baglioni,

1961).

7.1.2. Elution of material from chromatography paper.

Solvents. Ethanol-2N-ammonia (1:1, v/v); mathanol-aq. ammonia

(sp.gr. 0.88) (1:1, v/v) (Plaskett et al. 1963a); and 2N-ammonia.

Positions of peptide or amino acid spots were identified

on chromatography paper by any of the non-destructive techniques

described in section 5.2.3. The selected spot was assayed on a

scintillation counter and was cut into small pieces (about 1 mm.'').
Elution was carried out by grinding to a papier mach6 consistency

with solvent in a sintered-glass funnel (3 cm.-diameter, porosity

3). Eluate wa3 collected in a 100 ml. buchner fla3k under mild

vactium and the pulp was compressed on the sintered-glass disc using

a glass rod. Successive 5-10 ml. volumes of solvent were added



Table7.1.

RfvaluesofiodoaminoacidsandiodidechroaatographedonWhatmanNo.3MMpaperin differentsolventsystems.(RD-notdetermined).
Solvent Butanol-acetic acid Butaaol-dioxan- aamonia Phenol-water(MH^) Butanol-aceticacid -pyridine-vater

15-20° 15-20° 25° 25°

Rfvalues j

TemperatureIodideMITPITTHT3 0.2UO.kl0.6l
0.95

0.330.200.120.530.68 O.lU0.700.620.93RD 0.690.670.760.92UP



Fig. 7.1. Chromatographic separation of tryptic iodopeptides
from heat-denatured radioiodine-labelled thyroid homo*
genate. (a) Butanol-dioxan-ammonia (BOA) chromato*
gram of a partial enzymic digest, (b) Phenol-water
(PhOH) chromatogram showing tryptic iodopeptides Tl,
T2 & T3. (c), (d) it (e) Butanol-acetic acid-pyridine-
water (BAPW) chromatograms of Tl, T2 & T3 tryptic
iodopeptides, respectively. Regions on chromatograms
between short vertical lines were cut out and eluted.
Origin of chromatograms are at 0 and an arrow marks
the solvent-front, y-axis is counts/unit timet x-axis
is distance along the chromatogram in cm.



-69-

and allowed to percolate slowly through the pulp under gravity

or light suction* The pulp was elufced to constant radioactivity (>95% elution) ,

and solvent was removed by thin-film rotary vacuum evaporation

(Gallenkamp equipment) at less than U5°- Peptide eluatea were

concentrated by this means, diluted with distilled water and were

then freeza-dried, rather than being evaporated to complete dry¬

ness.

7*1*3* Results of paper chromatography.

(a) One-dimensional separations* Average Rf values of the iodo-

amino acids and iodide in the solvent systems studied are collected

in Table 7*1* Thyroxine has a high Rf in phenol-water (PhOH),

butanol-acetic acid-pyridine-water (BAPW) and butanol-acetic acid

(BA). The iodotyrosines are usefully separated in the last but

not in either FhOH or BAPW solvents.

Separation of tryptie iodopeptides. Origin material from a BDA

ehrcffiatogram (Fig. 7*1*(a)) was eluted, concentrated and re-ebrom-

atographed in phenol-water solvent. Three main regions of radio¬

activity were obtained (Tl, T2 & T3 in Fig. 7.1.(b)). These peaks

were eluted separately and were re-ohromatographed in BAPW solvent

to give the patterns shown in Figs. 7.1*(c), (d), & (e). Peak

Tl contained three main regions of radioactivity and peak T2 was

resolved into four radioactive peaks on some ehrom&tograzas, and

on others TZb & o were the only major peaks present. Peak T3 showed

a large heterogeneous region with a high Rf in BAPW solvent. Further

chymctryptie digestion of peak T3 followed by BAPW chromatography

gave a pattern similar to that shown in Fig. 7*1*(e), except that

an additional peak appeared nearer the solvent-front at cm.-segment 32.



cm. cm.

Fig, 7.2. Chromatographic separation of chymotryptic iodo-

peptides from heat-denatured radioiodine-labeiled

thyroid homogenate. Origin material from a BOA

chromatogram was fractionated into Ci and C2 iodo-

peptides in phenol-water. CI iodopepti.des were re-

chromatographed in BAPW solvent. See Fig. 7.1. and

text for details.



Table7.2.

Viokasepancreatiuhydrolysisofatrypticorchymotrypticdigestofheat-denatured [l.31j]ratthyroidhomogenate.Composition.ofhydrolysates. Percentofradioactivityonchroraatograms
Sample

Solvent

Origin

Iodide

MIT

DIT

5ft

T3

II"+Iaa's*

Trypticpeptides
BA

1.9

8.2

3U.7

32.3

5.2

BDA

15.8

6.k

63.7

1.5

0.3

76.6

Chyaotryptic

BA

1.2

5.7

36.1

31.b

k.9

peptides

BDA

U.k

6.6

67.0

2.6

0.3

76.6

*Iodide(meanonBAandBDA)plusMIT,DIT,T3andTH.
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When the chymotryptic digest of peak T3 was chromatographed in

phenol-water most of the radioactivity appeared in a peak at the

aolvent-front. This suggested that very little chyraotiyptic hydrolysis

of peak T3 had occurred.

Separation of chyxaotryptic peptides. Origin material fro® a BDA

chromatogram (very similar in appearance to Fig. 7.1.(a)) was re-

chromatographed in phenol-water solvent. The first four peaks

on this ehromatogram (CI peptides in Fig. 7.2*(a)) were eluted

and chromatography in BAPW solvent to give the pattern shown in

Fig. 7.2.(b), Further chromatography of C2 peptides in BAFW gave

a distribution of radioactivity that was similar to Fig. 7.1*(e).

Pancreatin hydrolysis of fractionated peptides. Viokase pancreatin

was used to hydrolyse separated tryptic and chymotryptic iodopeptides.

BA and BDA chromatography showed that hydrolysis of the fractionated

iodopeptides was incomplete and substantial aiaounta of unhydrolysed

material remained. Large amounts of iodide were present in digests

of the tryptic peptide--fractions, and in all cases the percentage

of monoiodotyrosine was greater than diiodotyrosine. BA chromatography

of pancreatin digests of peptides Cld and C2 showed fairly large

amounts of solvent-front material: BDA chromatograias, however,

did not reveal any free thyroxine or triiodothyronine.

Paacreatin hydrolysis of original (unfractionated) chynotryptic

or tryptie digests was performed to determine the iodoaaino acid

composition of the starting material. Table 7.2* shows that both

preparations contained less than 2% thyroxine, which xaigat still

have been present in peptide linkage in unhydrolysed material,

though.

In another experiment, cbymotryptic peptides were partially



lAnxOH HtO

m "

Fig, 7,3, Autoradiogram of a two-dimensional chromatogram

of chyraotryptic lodepeptidee from [oll] -labelled tbyro-

globulin. Solvents: tso-amyl alcohol-pyridine-water

(7:7:6* by vol.) first; butanoi-2N-ac.etic acid (1:1, v/v)

second.



- 71 -

separated on a phonoi-vater chromatcgram (Fig. 7*2.(a)). The paper

was divided into 2 cia.-segments which were elutec; separately. The

peptides were hy&rolysed using Viokase panerentin arid then chrom-

atographed in BA and BDA solvents to determine the iodoasd.no acid

composition. Traces of thyroxine vera found between about segment

20 and the solvent-front of the phenol-water carouiatogran. After

hydrolysis 3A solvent-front material accounted for about 5-8* of

the radioactivity and increased gradually in each 2 cm, between

segments 18-30 of the phenol-water niiroBiato.gran. The remainder

of the phenol-water chroEsatogram h.ydrolyantes contained the following

at tha BA solvent-front:

segments 31-33, 13*, 3V-35, 20l, 36-37, 21*.

These results suggest that the 02 peptides (Fig. 7.2.(a)) were

rich in thyroxine but that further panCroatia hydrolysis of the

chymotryptic peptides from thyreoglobulin was incomplete,

(b) Two-dimensional separations. Ceparation of iodopQptid.es using

two-dimensional chromatography in BDA then 3A solvents was used

by Fairley (1966). The autoradiogrm of a two-dimensional chrom¬

atographic separation of ehymotxyptic iodopeptides in (first) iso-

aaiyl alcohol-pyridine-vater and (second) BA is shown in Fig. 7.3.

The peptides have high Ef values in both these solvents whereas

they are low in butKaol-dioxan-acmonia. Separation of iodopeptidos

by these methods alone was not very good, however.

DI3CUS3I0H

Qua-diaansional chromatography of tryptic or chynotryptic

digests of 90° heat-denatured thyroid hosog©nates gave several

iodopeptide fractions that were further fractionated by re-chromatography
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ia different solvents. A disadvantage of this method was the small

but significant amount of deiodination that occurred during elution,

concentration and chromatography.

Iodoamino acid release by pancreatin hydrolysis from iouo-

paptide fractions, or from original partial oatyadc digests, was

not complete. This will be discussed further in a later section

(11), It was at fir.it thought that iodothyronines were destroyed

by deiodination. nvideace froa solvent-front isateri&l on BA ehrora-

atograajs suggests that iodothyronines are present in certain peptide

fractions, but they are not released by pancreatin digestion.
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7.2. Techniques involving hi^h-voltage electrophoresis.

Buffer systems. Uridine-acetic acid-water (25:1:^75* by vol*), pH 6,5§ or

(1:10:269 by vol.), pH 3.6. (Ryle, Sanger, Smith & £itei» 1955).

0.1H~barbital~MCl, pH 8.2 (Michaelis, 1930).

O.lM-aaaaoaiua bicarboiiate, pH 7.5.

7.2.1. Paper electrophoresis. Samples war# implied to 5 x 57 ca.

•trips or whole sheets (kC x 57 est.) of Whatman Bo. 3MM chromatography

paper aa atraaks or spots, The paper waa supported on glass rods

at each aide of the origin. Volatile solvents such aa methanol-

cor.c. (1:1, v/v) or ammonium bicarbonate buffer were used

to dissolve the sample. Alternatively, non-volatile buffers were

applied and electrophoresed without streaking provided that solutions

were not concentrated and contained only lov-ooleoular-weight

constituents (amino aeids or partially purified small peptides).

Once the origin had dried, the paper was vetted with electrophoresis

buffer that was allowed to converge on the origin ami wash the

sample into a more concentrated streak or spot.

High-voltage electrophoresis was performed in pyridine-

acetic acid-water buffers at about 2 kv and 50 kA (for a full

sheet of Whatman Ho. 3MM paper) in a vertical tank with white

spirit as coolant (Mieiil, 1951). Test electrophoresis for different
. . »» *. ■ ,:r" V ' • \

lenghts of time shoved three hours to be optimum for maximum separa¬

tion of iodopeptides in this work. The pll 6.5 buffer gave better

separations under these conditions titan the pE 3.6 buffer (the

origin waa 29 era. from the anode). Some negatively charged peptides

tended to streak at pH 6.5: wetting the paper with pyridine-

acetate buffer, saturated with EDTA, before electrophoresis did

not prevent streaking.



57

Fig. 7.4. Peptide map dimensions. Whatman No. 3MM.

paper was marked out in pencil (measurements are in

cm.). 0* origin; *, anode; cathode. The paper was

cut along dashed lines alter electrophoresis. The

shaded area was autoradiographed after descending

chromatography and removal of the wicks.
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Asaaoniuw bicarbonate buffer, ph 7.5» might be expected to

give better separation between the iodoamino acids than the pii

6.5 buffer, on the basis of pK's of dissociation of the phenolic

hydroxy1 groups (Udelhoch, 1962). Electrophoresis as described

above (at 2 kv and 25 mA for 2 hr«) gave a good distribution of

radioactive peptides between the origin, and anode, but too much

streaking had occurred for this buffer to be useful, high concen¬

trations of buffer ions were assumed to be largely responsible

for tha streaking effect.

Electrophoresis in 0.Ill-barbital-HCl buffer, pii 3.2, was

performed horizontally between water-cooled plates in Miles High-

Voltage electrophoresis equipment. Samples were applied to 5

cm.-wide Whatman No. 3MM strips as described above, and electro¬

phoresis was at 2 kv and 180 mA for 2 hr. (origin was 35 cm. from

the anode). Fairley (1968) has shown that tyrosine and its deriv¬

atives are wall separated towards the anode under those conditions,

lodothyronines remain at tho origin. Electrophoresis at pH 8.2

was found convenient for purification of peptides, but a disadvan¬

tage of this buffer was its non-volatility.

Electrophoresis papers were dried in air at ^0° for 2~l6 hr.

7.2.2. Peptide mapping. A full sheet of Whatman Wo. 3MM paper was

marked out in pencil as shown in Fig. 7»h«

Sample application, (a) Peptide or amino acid mixtures wore

applied to the origin as described above, up to a maximum loading

of 2 rag. of peptides or 200 yl. volume. The paper was wetted

with pyridine-acetate buffer, pK 6.5, immediately before electro¬

phoresis.
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(b) If the origin was kept moist and was not allowed to dry completely

between each sample application and the paper wan vetted with

buffer while the origin was still moist, less origin material

remained after subsequent electrophoresis than was found on 'dried-

origin' papers.

(c) Excellent results were obtained when papers were ore-wetted

with pyridino-acetic acid-water buffer, pH 6.5, and were covered

with a sheet of polythene to restrict evaporation of buffer. The

sample was then applied to the origin through a 2 cm.-diameter

hole cut in the polythene: application was more rapid than to

dry papers (less than 10 nin.). The sise of the origin spot was

found to be relatively unimportant as a 2.5 cm. diameter spot

gave as good results after peptide mapping as a 0.5 cm. one (cf.

Baglioni, 1961).

Electrophoresis. Electrophoresis was carried out in pyridine-

acetate buffer at pH 6.5 as described above for 3 hr. at 2 kv

and 50 nA.

Chromatography. The paper was dried in air at U0° (2-3 hr.),

trimmed to the widta of the chromatography trough (<'+3 cm.) and

1 cm.-wide wicks were cut at the top of the paper (Plasitett, 196H,

Fig. 7A.)• It was developed at a right angle to the direction

of electrophoresis by descending chromatography in one of the

solvents described above. Development was more rapid thai: normal,

probably because the cellulose fibres were swelled by the electro¬

phoresis buffer. Butanol-2N-&cetic acid. (1:1,v/v) was the most

commonly used solvent and development time was 11-12 hr. at 10-

1T° in a constant-temperat lire chromatography tank. The chrom-

echogram was removed when the solvent-front reached the end of



- 76 -

the paper, otherwise son* high Bf material (io&>thyronines) was

lost. Butaaol-dioxaji— 2N — 1H (4:1:5, by vol#) chromatography

solvent was also useful. Wichs (3 cm.-deep and 1 cm.-wide) were

cut along the bottom of the chronatograa to enable uniform run-

off of the latter solvent and so increase the relative separation

of peptides and amino acids present. Development time was 16

to 18 hr. at about 15°. Peptide maps were dried in air at 40°
(about 2 nr.). Autoradiography was performed as described in

section 5.2.3.(b).

hlution of iodopeptides from peptide maps. Po3itively charged

iodopeptidea (on pH 6.5 electrophercgraraa) were readily aluted

using methanol-aq. HK^ (ap.gr. 0.8c) (1:1, v/v) and then ethanol-
2h-NH^0H (1:1, v/v) (usually >99% elution). Relatively charged
iodopeptidas which had Rf values greater thus 0.3 on chromatography

were generally eluted (about 97-9&%) with methanol-cone. and

successively. High~molecular-woight iodopeptides and

negatively charged ones, i.e. origin end near-origin .material

on peptide maps, were difficult to elute; 2H-NH.QI1 successively

with ntethanol-coac. iiH_ -rave most complete elation (about 99%)-J

EXutioa with O.lM-aeetic acid or distilled water was less succ¬

essful than with the basic solvents. lodopcptidea eluted from

paper held between microscope slides (Dent, 15b7) was not satis¬

factory for the latter group of peptides.
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7*3. Development of gel filtration on 'Sephadex*.

7.3.1. Materials and methods.

r5ephadex' grades. LH-20 (lot no. J6l, particle size 25-100 ji)

was a gift from Dr. L.G. Plaskett. G-10 (lot no. To^l6l0, particle

size U0-120 y). G-25» fine(lot no. 2300; particle size 20-

80 y). G-50, fine (lot nos. To-55^7 & 3^5, particle size 20-30 y).

G-75 (lot no. To-55^9» particle size 1*0-120 y).

Gels were suspended in distilled water or elution solvents

and were stood at 20° (or 0° over long periods) for the time

recommended by the manufacturer(Sephadex, 1966). The smallest

particles were removed by repeated decantation, and distilled

water was replaced by the required solvent.

Solvents. For *Sephadex LH-20': chloroforia-methanol (1:1,

v/v); chlorofona-etnanol~2M-ammonia (5:5:1, by vol.); ehloroform-

methanol-2H-amiaonia (U:U:1, by vol.).

For 'Sephadex G' grades: pyridine-glacial acetic acid-water (1:1:10,

by vol.), pH 6.3; pyridine-aq. (sp.gr. 0.38)-water (1:1:10,

by vol.), pyridine-aq. 0.88)-water (10:1:100, by vol.);

pyridine-1.024-NH^ECO^-water (1:1:10, by vol.), pH 6.8.
Preparation of gel columns. Clean glass columns were coated inter¬

nally with a very thin layer of silicone fluid. A pad of glass

wool was placed over a perforated disc at the foot of the column.

Andrews (196*0 recommends a thin layer of sand in this position,

but it was omitted as iodothyronines were strongly adsorbed on

the sand. The column was constructed to give a minimum dead-space

between the foot of the gel and the constricted end of the column

(2 mm. internal diameter). The columns were prepared and used
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as described by Andrews (1964). Polythene tubing (0.5 mm. internal

diameter) was used to connect the solvent reservoir to the column

and to withdraw column effluent. Gels were thoroughly equilibrated

with solvent and eluted at the same flow-rate, approx. 30 ml./hr.

(7«2 ml./cm. /hr.).

dilution procedures. Solvent was removed from the column-top by

pipette and the meniscus was run down to the level of the gel.

Samples of material were dissolved in the equilibration solvent

(<2ml.) that was carefully applied to the filter paper covering

the gel surface. Alternatively the sample was layered under the

buffer without removing it. When half the sample was judged to

have entered the column, the effluent was collected in fractions

Ming a RadiRac fraction collector fitted with a 2 ml. syphon (varia¬

tion in delivery volume was about *2% by weight).

Examination of column effluents. Undiluted fractions were estim¬

ated spectrophotomstrically in silica cells with a I cm. light-

path. Extinction measurements of protein or tyrosine derivatives

were made at 280 my., or 290 ay. in pyridine solvents. Cytochrome

c was estimated at U08 my. In all cases solvent was used for the

blank setting. Iodide or chloride were estimated in 0.5 ml. fraction

samples that were diluted with 0.5 ml. distilled water, acidified

with a suitable concentration of nitric acid (0.5 ml.), and 2H-

AgW0„ (0.1 ml.) was added. The extinction of the solution was

read immediately at 625 my. in 1 or I cm. light-path cells against

a reagent blank. Radioactivity was measured in 10 ml. polythene

annular cups by scintillation counting. Pooled fractions were

concentrated by thin-film rotary vacuum evaporation at 1*0°;

peptides were not taken to complete dryness but were diluted with
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distilled water and freeza-cLried. Iodoamino acids and iodide in

fractions were identified by thin-layer chrornatograpliy of concen¬

trated fraction samples.

7.3.1.1. Thin-layer chromatography of iodoamino acids. An aqueous

slurry of Silica Gel G (150-200 y thick) was spread as described

by Stahl (19&5) and was dried in air at 20° for 2k hr. Plate sizes
•\

were 10 x 15 cm. or 9 x 20 cm. Complete resolution of iodide,

iaonoiodotyrosine, diiodotyrosine, thyroxine and 3,3',5-triiodo¬

thyronine was obtained in one dimension using freshly prepared

chloroform-methanol-formic acid (93-100?) (70:15:15* by vol.) solvent

in £ hr. at 20-25° (Stouffer, Jaakonmaki & Wenger, 1966).

7*3.2. Examination of 'Bephadex' grades and solvents.

The effect of various volatile solvents on the elution

profile of iodoamino acids from 'Sepha&ex* gels was examined

first in order to minimise loss by adsorption of aromatic amino

acid residues on the dextran matrix. lodopeptides were then

fractionated on the gels that were calibrated for molecular

weight estimation*

7*3*2.1. 'Sephadex LH-20' experiments. Elution profiles of iodo¬

amino aoids in organic or aqueous-organic solvents were examined.

Columns of about 1.7 x U0-50 cm. were prepared and equilibrated

in the three chloroform-containing solvents (see section 7.3.1*).

Samples of the four iodoamino acids and KI (1-2 mg* of each)

were not well fractionated in these solvents, and chymotryptic

iodopeptides of heat-denatured thyroglobulin were eluted at

the eolumn void-volume. The iodotyrosines and KI were eluted



50 100 150
Fraction No. (2ml. vol)

200

Fig, 7.5. Elution profile of iodopeptides, iodoamino acids and

iodida from 'Sephadex G-25'. Samples: a chymotryptic

digest of heat-denatured[w,l]-thyroglobulin (100 jil. of
0. 3% soln.. w/v) was mixed with MIT, DIT, T3, T4

and KI(1 mg. of each). Solvent: pyridine-acetic acid-

water (1:1:10, by vol.), pH6.3, Column size: 2.3 x

47 cm. Flow-rate: 32 ml./hr. Iodoamino acids were

identified by thin layer chromatography.
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ts a single sharp peak in pyridine-acetic acid-water (1:1:10,

by vol.) solvent. Ho iodothyronines appeared after elution

with U column-volumes of this solvent, however, as they were

strongly adsorbed on the gel.

lodopeptides vers too large to be fractionated on 'Sephadex

LH-20', and the iodoamino acids and KI were not separated satis¬

factorily in the solvents examined.

7*3.2.2. 'Sephadex 0-25* experiments.

(a) Pyridine-acetic acid-water (1:1:10, by vol.). An elution

profile of iodoamino aeids, KI and a chymotryptic digest of heat-

dsnatured [125j] -thyroglobulin are shown in Fig. 7.5» A useful

separation of iodide, mono- end di-iodotyrosine was achieved but

no iodothyronines were eluted with up to Mo ml. of solvent i the

latter were probably strongly adsorbed on the gel. lodopeptides

were fractionated, but iodothyronyl peptides might also be adsorbed

on the gel.

Forath (i960) showed that aromatic and DHP-amino acids were

least adsorbed on dextran gels in pyridine-acetic acid solvents,

but the elution volume was greatly influenced by the types of

solute and solvent used. Solvents containing acetic acid alone

or phenol-acetic acid-water have been used to minimise adsorption

of aromatic solutes on dextran gels (Porath, i960, Bagdasarian,

Matheson, Synge A Youngson, 196U; Carnegie, 1965). These solvents

are claimed to be volatile by repeated freeze-drying or by rotary

evaporation at 30° (Carnegie, 1965). However, these procedures

were unsuitable as iodoamino acids or iodopaptides were readily

deiodinated, particularly at an acid pH, and so other solvents

were examined.



Fig, 7.6. Elution profile of MIT, D1T, Ti and T4 (0. 5 mg. of

each), KI (i mg.) and pig thyroglobulin (1 mg.) fraction¬

ated on 'Sephadex G-25'. Solvent: pyridine-aq. NHj

(sp.gr. 0.88)-water (1:1:10, by vol.). Column else:

2.i x 46 cm. Flow-rate: 47 ml. /hr. Fractions

comprising peaks were pooled, concentrated, and

identified by thin layer chromatography.



Table7.3

Timeofexposureof'Cephadex6-75'topyridine-conc.NB^-vater(1:1:10,byvol.)solvent.Effeet onelutionvolume(Ve)ofcytochromec.3.0x52cm.column.Flowrate:about17al/hr. TimeafterpreparationIntervalbetweenAmountappliedVe ofcolumn(days?experiments(days)Solutetocolumn(mg)(ml;.) 11-Thyroglobulin6.2136* Iodide4.0332
2211Serumalbumin10.0138* Cytochromec1.0233

3210Cytochromec2.2153 353Cytochromec1.51^1
Voidorexclusionvolumeofgel(Vo).
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(b) Pyridine-ag* (ap.gr* 0,88)~water (1:1:10, by vol.).

An alution profile of the four iodoamino acids, KI and pig thyro-

globulia are shown in fig, 7.6. Partial separation of the six

components was achieved, and only slight retardation of the iodo-

thyronines occurred (see section 7*3*2,3* below, though).

Phenolic hydroxyl groups of iodoamino acids would be completely

dissociated in this basic solvent (about 1.5N-NH^0H). Electro¬
static interactions with the few carboxyl groups present in the

gel would decrease the penetration of iodoam.no acids into the

gel matrix, and pyridine is likely to compete successfully with

the iodoassino acids for adsorption-sites on the gel matrix (Porath,

I960, Janson, 1967)* Elution and separation of iodoaaino acids

on 'Sephadex G-25* has been achieved using 0.02H-Ia0H (Bias! &

De Maai, 1967)* or a tris-HCl buffer followed by tert«-smyl alcohol

saturated with 2M~NH^0H (Liaaitzky, Bismuth & Holland, 1962). Both
these systems suffer from the disadvantage that the solvents contain

non-volatile components.

7*3*2*3* 'Sephadex 0-75' experiments,

Pyridine-ag. (sp.gr. 0,08)-water (1:1:10, by vol.).

Calibration of the column with proteins of known molecular weight

was attempted using this solvent (see Andrews, 196k). Separate

experiments were carried out on a 3.0 x 52 cm* column of 'Sephadex

0-75' with flow-rates close to 17 wl./hr.

Table 7*3. shows the effect that prolonged exposure of the

gel to this alkaline solvent has on elution volumes of cytochrome c.

Ihyroglobulin and serum albumin are included as reference substances

for the void voluna of the gel (Vo): the molecular weight



Fig. 7,7, Elution profile of mono- and di-iodotyrosine,

thyroxine (0.5 mg. of each) and NaW5I from 'Sephadex

G-25' (2,5 x 50 cm. column). Solvent: pyridine-1.0M-

NH4HCGJ-water (1:1:10, by vol.). Flow rate: 14,8 ml. /

hr.
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fractionation-range reported for peptides and globular proteins

on ,Sephadex G-75' is between 3,000 and 70,000 (Sephadex, 1966).

The elution volume of cytochrome c was almost halved after 13 days

exposure to this solvent, when the protein was eluted within 3

ml. of the void volume of the gel. 'Sephadex 6-25' (section 7*3.2.2.(b))

showed such the same effect after about 1 month, when cytochrome e

imol. vt. 12,400) and the A chain of oxidised insulin (tnol. vt.

2,500) were eluted with pyridine-conc. HH^-water (1:1:10, by vol.)
at Ve values of 92 and 95 ml. respectively.

Thorough re-equilibration of the above 'Sephadex 0-75* gel

with another solvent, pyridina-aq. JJH^ (sp.gr* 0.88)-water (10:1:100,
by vol.) (i.e. about 0.16n-JJK^0H) did not change the low Ve (lUO
ml.) of cytochrome c. Variations in protein concentration and

column flow-rate were small and could not account for these large

changes in elution volumes* The results suggest that the dextran

gel is irreversibly degraded after about 3 weeks in the approx.

1.5N-HtHj0H solvent.

7.3*2.4. 'Sephadex 0-25' with pyridine-NH^HCO^-water solvent.
A 2.3 x 50 cm. column of 'Sephadex 0-25* was prepared in pyridine-

l.OM-HH^HCOg-vater (1:1:10, by vol.). Monoiodotyrosine, diiodo-
125

tyrosine, thyroxine and Ha I were fractionated on the column

as shown in Fig. 7*7* There was still some retention of the aromatic

iodoamino acids by the gel, but this was likely to be useful in

aiding fractionation of thyroxine-peptides in later work. Advan¬

tages of this solvent are its volatility (rotary vacuum evaporation

at 40° or freese-drying) and that it is a good solvent for aromatic

iodoamino acids and iodopeptides.



Table7.4

Proteinsusedformolecularweightcalibrationof'Sephadex'coitions.Molecularweightralueswere obtainedfromtheaminoacidsequence(MS)orfromaminoacidanalysis(AAA)tothenearest100,and byultracentrifUgemethods(U). Protein Achainofoxidised insulin Bchainof oxidisedinsulin Cytochromec(from horseheart) Ribonuclease(from bovinepancreas) Oxidised ribonuclease Iysozyme(from eggwhite) Papain a-Chymotrypsin(from bovinepancreas) Pepsin Serumalbumin (bovine)

Description&SupplierM.Wt. Insulin,6xcrystallised;Bootspure2,500 DrugCo.Oxidisedbythemethodof Fittkau(1963),wasagiftfrom Dr.A.P.Ryle.3,500
Method AAS AAS

I^peII;SigaaChemicalCo.
12,HO0AAS (includinghaem)

TypeIIIA;SigmaChemicalCo.,13,700AAS wasagiftfromDr.A.P.Ryle. PreparedbythemethodofHirs (1956),wasagiftfromDr.A.P.Ryle.13,700AAS Crystallised;ArmourPharmaceuticallH,600AAS Co.Ltd. Crudepowder;BritishDrugHouses20,700AAA,U Ltd. 3xcrystallised;SigmaChemicalCo,2^,500
(monomer)

2xcrystallised;WorthingtonBiochem-3^,200AAA ic&lCorp. ArmourPharmaceuticalCo.Ltd.was67,000U giftfromDr.W.L.Stafford

Reference Sanger&Thompson (1953)
Sanger&Tuppy (1951) Margolias'h(1962) Hirs,MooretStein (1956)

Jolles(I960) Smith&Kinsael (I960) Desaiielle(i960) Rajagopalan,Moore& Stein(1966). PhelpsAPutnam (I960)



Table 7.5.

Elution volumes (Ve) and Vo/Ve ratios for substances eluted

from 'Sephadex 0-50' (2.7 x 5^ cm.) and 'G-75' (3*0 x 1*9 cm.)

in pyridine-M^HCO^-vater.

*Sephadex'
Weight(mg)

wave-
•G-50' •G-75'

Substance
1

'G-50' 'MZ'
|X6I2gXlll
**lm)

1 —

Ve
J

Vo/Ve
(

Ve Vo/Ve

Chloride (Na) U.2 - 625 328 0.35 - _

Iodide(K) 3.1 k.$ 625 328 0.35 35** 0.27

Oxidised insulin
chain

A
7.1 — 290 236 0.1*8 - —

Oxidised insulin
chain

3
1.0 2.6 290 222 0.51 350 0.27

Cytochrome c 1.9 1.0 290 & 186 0.62 23k 0.U1

2.3 2.0

2.7

1*08 131* 230

23k

Ribonuclease 5.0 3.0 290 178 0,6k 120 0.80

Oxidised

ribonuclease 7.0 - 290 209 0.56 - -

Lysozyme - 1.3

6.0

290 - - 259

252

0.38

Papain 15.7 - 290 168 0.68 - -

a-Chymotrypsin b.O - 290 - - 178 0.5U

Pepsin - k.l

1*.3

290 - - 105

110

0.89

Serum albumin - 5.*
7.0

290 - _ 97

99

0.98

Thyroglobulin 5.0

6.1

i*.o

1*.6

290 Ill* 1.00 96 1.00

9.1
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Calibration of "Saphauex* gel columns for molecular weight

aatimotionj. Protein# and polypeptides of different known

molecular veigbt# ('"able l.k.) war-; passe* down gel column# in order

to find their elution volumes, and hence 'calibrate' the colurns

{Aa&rova, i93;+). Colvent wa# pyridine-l.Oii-hH^ncO^-vater (1:1:10, "by
vol.). The affluent volume corresponding to maximum concentration

of a solute (oiution volume, Vc) (Gelotte, 19bO; Flodiu, 19&2)

van estimated to the nearest i ml. from an olution diagram "by extra¬

polating both aides of the solute peak to an apex.

Proteins vera used in various combinations (one, two or three

proteins at a tine), together with h&Cl or 11 in soma experiments,

to determine their alution volumes from 'Seph&dex 3-50" (2.7 x

ph cm.) and 'G-73' (3.0 x t9 cm.) columns. Effects of pH, ionic

strength and of protein concentration on elution volumes were not

investigated. however, no changes in elution volume were found
V

with the different protein concentrations shown in Table 7.5. Elution

volu.,es for a group of proteins sometimes differed by 2 ml. in

separata experiments with tha same column, possibly as a result

of temperature changes, but separation between the proteins was

■unaffected.

between aoiccular weigat said elutlo;: voiuaa. Plots of

elution voluuo, Vc, from 'Sepkadex 3-50* and '0-75' coluiaas against

iog(jnol. wt.) for the proteins listed in Table 7»>•» plus SaCl

and hi, are shown in Fig. 7.3. bach set of results vaa obtained

with one column. Low-molacular weight polypeptides were difficult

to obtain and. no beta curves are constructed from the minimum of

data.



Mol. Wt

Fig. 7.8. Plot of elution volumes (Ve> against log(raol. wt.)

for proteins on 'Sephadex G-50 (•) and G-75 (x)

columns. Sisse of columns and solvent are given in

Table 7.5.
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For ' Sephadax Q~50' the experimental points lie close to

a straight line oyer the molecular weight range 200 to 10,000.
/

As the manufacturer claim a fractionation range of 1,500 to 30,000

for peptides and globular proteins on '0-50* (Sephadex, 1$66) it

io likely that pyridine-KH^HOQ^-vatar solvent alters the proper-
tie# of the gel significantly from those in vholy aqueous solvent.

Adsorption of pyridine on the gel matrix therefore appears to alter

and decrease the size of 'pores* in gel heads, which is a similar

effect to that observed with urea (Porath, 1962). The slopes of

the curves obtained by Andrews (19&) for 'Sephadex G-75' and SG~

100* are similar to this 'G~50' curve.

Oxidised ribonudease is the only protein that does not lie

on the curve and is eluted in a larger volume than would be expected.

The unfolded polypeptide chain is probably able to penetrate the

gel 'pores' partially and is retarded. Iodide, applied as the

potassium salt, is eluted with the same Ve as chloride, probably

due to slight retention on the column in the presence of ammonium
. i

bicarbonate (Porath, 1962).

The useful range for molecular weight fractionation on 'Sephadex

G-75' in pyridine-M^HCO.-water solvent is about 6,000 to 30,000,
which is less than the range of 3,000 to 35,000 obtained by Andrews

(l9bU) in tris-HCl buffer, pit 7-5« Lysozyme was ©luted at a higher

Ve than was expected from its molecular weight. Porath (i960)

also observed that lysozyme was eluted at higher Ve values than

cytochrome c in several solvents. This might be due to the basicity

of the protein (Cruft, 196l), or to other interactions between

the enzyme and the gel matrix because of structural similarities
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between the gel and a normal substrate for the enzyme. a-Chymotrypsia

also had a higher Ve than expected, but as the peak was extremely

broad, unaymmetrieal, and appeared to contain more than one component,

it was not satisfactory for calibration of the column.

Ribonuclease is known to form aggregates of 2, h or more

molecules when lyophilised (Creatfield, Stain & Moore, 1962). The

monomeric form was obscured by cytochrome c and only the aimer

was observed when the two proteins were co-chromatographed on 'Sephadex

Gr-75'. On 'G-50* gel filtration there appeared to be some monomer,

little of the dimer, and probably more of the higher aggregates

present, as a large peak was observed at the column void volume

(Vo). These effects, which give rise to apparently different ribonuc¬

lease species, might be obscured on the two columns due to the

presence of other proteins: ribonuclease was not ehromatographed

alone.

DISCUSSION

In interpreting the results of gel filtration of iodopeptidas

from partial enzymic digests of thyroglobulin» it will be important

to consider (a) whether the peptides are globular or extended chains,

(b) adsorption on the g«fl of residues containing ir-electrons, and

(c) the overall charge on the peptide during gel filtration. A

small peptide is more likely to be an extended chain than a larger

one which might form a compact random coil: the former peptide

would be retarded more than the latter. Peptides with high aromatic

amino acid content are retarded in spite of this pyridine solvent,

while negatively charged peptides tend to be excluded from the

gel and so have lower Ve values than expected (Jarxson, 1967).



Fig, 8,1. Peptide map autoradiogram of a pronase hydrolysate

of [u#l]-labelled thyroid homogenate. Electrophoresis at

pH 6. 5 for J hr. was followed by chromatography in

butanol-acetic acid for 12 hr. Solid lines enclose re¬

cognisable spots detected by autoradiography. Dotted

outlines indicate positions of ultraviolet absorbing spots

on the chromatography paper.

■f, electrophoresis electrodes. SF: chromatography

solvent-front, x: origin.
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8. PEPTIDE MAPPING OF A TOTAL ENZYMIC DIGEST OF THYROID HOMOGENATE.

16 hr. using pronase. The digest was peptide mapped in the presence

of carrier iodoamino acids as described in section 7*2.2. It was

also chromatographed in one dimension in BA and BDA solvents, and

these results have been presented in Table 5.6,

Fig. 8.1. shows an autoradiogram of the peptide map and also

the position of carrier iodoamino acids and other ultraviolet

absorbing material on the chromatography paper. Positions of

individual iodoamino acids on the peptide map were found by eluting and

re-chromatographing the spots and locating the carrier compounds.

The diiodotyrosine spot split into two, probably because the pK

of the phenolic hydroxyl group of this amino acid is near to the

pH of electrophoresis. Mono- and di-iodotyrosine move slightly

towards the cathode on electrophoresis at pH 6.5, due to electro-

osmosis, while the iodothyronines remain at the origin. Iodide

travels off the paper during electrophoresis. Development in butanol-

acetic acid gives the expected distribution of the four iodoamino

acids.

Peptide mapping of the pronase digest reveals that some peptide

material remains. This unhydrolyaed material has approximately

the same Rf as the iodotyrosines in butanol-acetic acid solvent

and will thus contribute to the percentages of radioactivity of

iodotyrosines on one-dimensional chromatograms. A more detailed

discussion is presented in section 10.4.2.3.

thyroid homogenate was hydrolysed for



Peptidemapautoradiogramsofpartialenzymicdigestsof[ml]-labelledratthyroid homogenatepreparedbyelectrophoresisatpH6.5followedbychromatographyin butanol-aceticacidsolvent,(a)Trypticdigest,(b)Chymotrypticdigest.Solidlines encloserecognisablespotsdetectedbyautoradiography.+,electrophoresis electrodes.SF:chromatographysolvent-front,x:origin.



Peptidemayaufcoradiogramsofpartialensymicdigestsof[ull]-ratthyroid homogenatepreparedbyelectrophoresisatpH6.5followedbychromatography
inbutanoi-aceticacidsolvent,(a)Chymotryptic&Trypticdigest,(b)Tryptic plusChymotrypticdigest(seetextforexplanation).SymbolsasinFig.9.1.
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9. PEPTIDE MAPPING OF A PARTIAL EHZYMIC DIGEST OF A THYROID HOHOGMATE.

The thyroids from two iodine-deficient rats were removed

2k hr* after iodiae-131 injection and homogenised in O.OHM-M^HCO^
buffer, pH 8,0, The thyroid homogenate was stored at 0° until

used. Portions of the homogenate were hydroxysed for 2b hr. using

trypsin or chyaotrypsin (section 6.1.), or a combination of these

enzymes. Peptide maps of the digests were autoradiographed and

the iodopeptide spots were numbered, cut out, and counted on a

scintillation counter. Radioactivity on the remainder of the chrom¬

atography paper was found by cutting it into 1.5 x 10 em. strips

which were also assayed.

Pigs. 9.1.(a) & (b) show peptide maps of a tryptic and a

ehymotryptic digest, eleetrophoresed at pH 6.5 then chromatographed

in BA solvent. Several obvious differences are apparent on the

two peptide maps, especially between the more intense spots in

the cathode- and anode-travelling peptides ('C' and 'A' peptides,

respectively). The neutral peptides ('N'), on the cathode side

of the origin, also show some differences* The two intense *H'

spots correspond in position to mono- and di-iodotyrosine (see

section 3.).

Some of the chymotryptic digest was further hydrolysed by

incubation with trypsin for 2k hr.: referred to as the chymotryptic

and tryptic digest (C & T)* Another portion of the homogenate

was incubated with trypsin and chymotrypsin together for 2b hr*

(tryptic plus chymotryptic digest, T ♦ C). Peptide map autoradio-

grams of these partial hydrolysates are shown in Figs. 9.2.(a)

A (b)* The chymotryptic peptide map (a) had been developed in



Table 9.1*

Percentage of total radioactivity in certain spots on peptide ro&ps

of tryptic(T) and chywotryptic(0) digests of thyroid honogenate

shown in Figs. 9*1 & 9*2.

Chyaotrypsin Trypsin +
Chyaotrypsin ttgpsin Chymotrypsin

01 10.1* it.5 3.6
02 1.1
03 2.1 3.9 5.0 3.0
6k 1.5 0.9

01+A1 19.3 3k.9 lit.2 15.7

A1 8.9
Ala 1.5 l.k
Alb 2.9 it.3
Ale 5.3 6. it
A2 1.0
A5 2.7 1.0 0.6 2.3
AT l.k
AS l.U 1.1
A9 1.1 1.5 0.8 2.6
A10 1.2 0.3 1.9
All 3.1 1.1 it.9
A13 1.1 1.2
Alfc 0.8 1.0 0.8
A20 0.3 l.H 1.3
A22 0.8 2.6
A23 2.5
A2k 1.0
A25 0.2 1.1
A26 1.1 0.9 O.U 0.9
A30 0.5
A32 o.k 1.0 0.2
A33 1.1

N2 1.3
Nl8 1.2 O.lt 1.8
N20 IT .6 11.1 26.7 16.7
H25 8.7 O 7V>eJ 15.2 8,2
B2<5 O.it 1.2 1.3
c6 0.2 0.2 0.3

Total
in spots: 79.9 91.7 80.7 05.5
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BA solvent for longer than the other one hut the iodopeptide patterns

appear to he essentially similar. The iodopeptide patterns in

Fig. 9.2. also appear to he very sirdlar to the tryptie iodopeptide

pattern in Fig. 9.1.(a).

Percentages of total radioactivity in selected spots on these

iodopeptide maps are shown in Table 9.1. Spots that were super-

intposable on the T, C & T, and T + C peptide maps have been given

the same numbers. Numbering of the chyootryptic iodopeptici.es was

arbitrary and only some of the iodopeptides, particularly 01, Al,

N2G and fl25, occupy the sa,~e position on all four peptide maps.

Approximately the same total radioactivity was present on each

peptide map (2.3*0.2 x 10^ counts/min.).

Trypsin has a narrower specificity than chysiotrypsin (section

6.2.2.2.) and its action is limited almost exclusively to hydrolysis

of peptide (or ester) bonds involving the earboiyl group of a basic

amino acid (Legget Bailey, 1962). Rat thyroglobuliu (Table 1.1.)

contains 176 lysyl and 2h2 arginyl residues per mole (Holland et

al. 1966). Trypsin is unlikely to split all these bonds as thyreo¬

globulin was not unfolded by denaturation or splitting of disul-

phida bonds, and the carbohydrate portion of the molecule might

also hinder enzymic attack (Cheffcel, Bouchilloux & Lissitzky, 1961»i

Murthy, Raghupathy & Chaikoff, 1965). These factors would account

for the large amount of unhydrolysed material at the peptide map

origin of tlie tryptic digest compared with the other peptide maps.

Differences between the tryptic end chyaotryptie peptide maps are

expected on the basis of different specificities of the two enzymes.

The two spots with Rf values similar to the iodotyrosines,

H20 and H25, contained 26.3*(C), 19.8g(T), Ul.9*(C & T) and 2k.9%
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(T ♦ C) of the total radioactivity. Chymotrypsin released more

of the iodotyrosines than trypsin, as would he expected from the

specificity of the former enzyme. Hydrolysis by these enzymes

in sequence released even more of the iodotyrosines said decreased

the amount of origin material. It is surprising to find that trypsin

in combination with chymotrypsin gives similar peptide patterns

to those from trypsin acting alone. The extent of hydrolysis was

greater when chymotryptic digestion was followed by tryptic diges¬

tion, rather than when both enzymes were incubated together. Either

trypsin attacked and inactivated chymotrypsin, or tryptic peptides

were relatively resistant to further digestion by chymotrypsin.

The latter is more likely as it would account for the similarity

between the T, C & T and T + C iodopeptide maps.

Other peptides on the maps contained very much less of the

total radioactivity, and some apparently identical iodopeptides

contained different percentages of radioactivity (i.e. A9, A10,

All, A32, Nl8, 126 & 03).

DISCUSSION

The presence of only 50 to 70 iodopeptide spots on the peptide

maps confirms that in vivo iodination of thyroglobulin is not a

completely random process♦ Otherwise a far greater number of iodo¬

peptides would be expected as outlined in the Introduction (section 1.).

Storage of rat thyroid homogenate at 0° before partial enzymic

hydrolysis at pH 8 appeared to reduce the activity of the thyroidal

proteases (cf. section 6,2.1.). Iodotyrosine spots plus origin

and near-origin material (N20, N25, 01 & A1 respectively) on the

peptide maps made up 41-56$ of the total radioactivity. Only
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30-921 of the total radioactivity was present in recognisable spots

and the majority of these contained leas than 1% of the radioactivity

cm the map.

Iodopaptides which are present in only small araoimts ray have

arisen from (a) incomplete release of en iodopeptido from hirh-

molccular-veight material that remains at the peptide man origin,

(b) farther partial hydrolysis of saother smell iodopeptide else¬

where on the map (Roholt * Pressman, 196?), (c) separation on the

peptide map of the same peptide containing different amounts of

iodine froKt thyreoglobulin molecules iodinated to different levels

in vivo, (d) thyroglobulin containing different amounts of iodine

that may affect the specificity of the enzyme in its attack on a

particular peptide bond2 this is unlikely, though (Hdelhoch *t Lippoldt,

1962), and (e) contamination with thyroidal proteases or iodopeptides

present in the original thyroid homogenate.

The thyroxine content of thyroglobulin is about 15# of the

total iodine (see Table 5.6.). If thyroxine synthesis occurs at

a specific site in thyroglobulin one would expect to find a peptide

that contained about 15# of the total radioactivity on the peptide

map* As most of the peptides contained less than 1# of the total

radioactivity it is necessary to decrease the amount of origin material

and free iodotyrosines on peptide maps of partial ensynic digests

of thyroglobulin, and to destroy thyroidal enzyraes present in crude

thyroglobulin preparations*
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10 • PRE-TREATMENT OF THYROGLOBULIH.

Rat thyroglobulin contains approximately 200 half -cystinyl

residues that appear to be involved mainly in eovalent linkages

within the 12S subunit of the molecule (de Crombrugghe at al. 1966).

Methods of splitting and blocking the disulphide bridges were examined

in order to facilitate partial enzymic hydrolysis by unfolding the

polypeptide chains of thyroglobulin. The aim was to be able to

reproduce iodopeptide map patterns that contained only the minimum

of origin material and free iodoamino acids. Production of discrete

iodopeptide spots containing a high percentage of the total radio¬

activity would be advantageous when searching for and purifying

a peptide rich in thyroxins.

10.1. Performic acid oxidation of thyroglobulin.

METHOD

Cystinyl and methionyl residues were oxidised with performic

acid using a modification of the method of Hirs (1956). Formic

acid (98-100$) and hydrogen peroxide (30#, v/v) were mixed in a

9:1 ratio in a dry stoppered tube that was stood at 20° for 80-

90 min. Radioiodine-labailed freeze-dried, thyroglobulin was carefully

dissolved in formic acid (98-100#) to give a 0.6-1# (v/v) solution.

Anhydrous methanol (l/5th of the formic acid vol.) was added slowly

with stirring and the reactants were cooled at -10° for 30 min.

A calculated amount of performic acid (a It- or 10-fold excess of

the theoretical amount required to convert all the cystinyl to cysteic

acid residues and all the methionyl residues to their sulphone deriv¬

atives) was added slowly to the protein solution. The stoppered



Table10.1.

Totalenzymehydrolysisofinvivoradioiodine-labelledratandsheepthyreoglobulin.Comparisonof iodoaainoacidandfreeiodidecontentsofnativeandperforaieacidoxidisedthyreoglobulins,resolved byone-dimensionalpaperchromatography.
Percentoftotalradioactivityonchroaatograa

Thyroglobulin PreparationSolvent
Origin

Iodide

MIT

BIT

Tk

T3

Dicta's*

MIT/DIT:

Ratthyreoglobulin: Kative;

BA

M

13.1

27.h

31.8

16.0

0.86

BDA

7.6

0.5

51.1

15.3

h.8

79.3

Oxidised:

BA

U.9

31.0

27.6

19.2

10.3

1.1+

BDA

11.0

23.6

37.1

o**

Jul

60.7

Sheepthyreoglobulin Hative*.

BA

3.9

7.0

21.6

31.6

19.1

0.68

BDA

ll.k

5.0

60.9

13.9

1.6

63.6

Oxidised:

BA

3.1

!»2.5

31.0

6.7

2.1

1+.6

BDA

—

kl.3

55.7

1.3

0.1

39.1

IisthesumofHITandPITonBAplusT3andTUonBDA.
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tube was left at -10° for 2 hr. with occasional shaking*

The reaction was stopped by adding 10 volumes of ice-water,

and the solution was left in a vacuum desiccator over solid NaOfi

for 18 hr. The solution was frosen, then freeze-dried: more water

was added and freese-drying was repeated. Oxidised protein was

stored at -20°•

RESULTS

Crude rat -tliyroglobulin and sheep ammonium sulphate

purified [^^l]-thyroglobulin were oxidised with performic acid.

A k-fold and 10-fold excess of perforate aeid was used to oxidise

Ph]-thyreoglobulin (10 sag.) and P^l]-thyreoglobulin (0.25 mg.),

respectively. Results of Viokase pancreatin hydrolysis of the

two oxidised thyroglobulins are compared with total bydrolysates

from the respective native thyroglobulins in Table 10.1.

Thompson (195*0 showed that chlorotyrosine derivatives may

be formed during performic acid oxidation of proteins in the presence

of chloride, and that the monohalogenated derivative was produced

more readily than the diaubstituted form. If excessive deiodin-

ation of the iodoamino acids in thyreoglobulin occurred during performic

acid oxidation, one would, expect an increase in the mono- to di-iodo-

tyroaine ratio, an increase in the iodide present, and a marked

decrease in the iodothyronines.

The h-fold excess of perform!c acid on rat -thyreoglobulin

yielded 2-3 times more iodide than was present in the native

protein hydrolysate, and a decrease by about one-third in the amounts

of both diiodotyro.Jine and thyroxine. A 10-fold excess of reagent
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on sheep ["^i]-thyroglobulin produced much more iodide (6-8 times

that present in the native protein hydrolysate), and most of the

iodothyronines and diiodotyrosine vere destroyed. The percentage

of monoiodotyrosine present increased after perform!c acid oxida¬

tion, presumably due to nonspecific iodination of free tyrosyl residues

in the presence of iodide, and deiodination of diiodotyrosyl residues

of the protein in the highly oxidising environment.

CONCLUSION

Excessive deiodination caused during performie acid oxida¬

tion renders the method unsuitable for oxidising disulphide bonds

present in thyroglobulin.
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10.2. Sulphitolyais and 5-aulphonation of thyroglobuiia.

3van (195?) shoved that disulphide bonds are rapidly split

by sulphite in the equilibrium:

B-S-S-S + S032"" R~S~ + R~3-S03~ (l)
Kinetics of the equilibrium have been studied by amperosaetric titra¬

tion (Stricia & Koltlioff, 1951. Cecil & McFhee, 1955, 1957) and

rapid quantitative cleavage of all the disulphlde linkages in several

proteins vas obtained. In the presence of cupric ions, vhich

are reduced to cuprous, the reaction is driven to the right and

the sole product is the S-sulpho- derivative:

1 1 i'» + 2Cu2* + 2S032~ > fl!R-S-S03" + 2Cu+ (2)
It is unlikely that this mild reduction would cause deiodination

of thyroglobulin.

10.2.1. Spectrophotoaetric determination. of optimum conditions for

sulphitolysiu of thyro&lotmiin.

MATERIALS k IffiSBODS

The method developed by Boyer (195*0 for spectrophotometry

study* oP the reaction of protein thiol groups vith £-cliloroasercuri-

benso&te vas examined.

p-Chloroiaercuribgnloute (pffiTB). Purification of pCMB (obtained

from British Drug Houses Ltd.) was carried out as described by*

Boyer (195*0, and iodosetric titration was used as a check on the

purity of this preparation. The calculated iodine consumption

at pH U.Q vas 1.02 aoles/iaolo of pCf®, which is in exact agreement

vith that obtained by Boyer (195*0 •

Fresh solutions of pCMB ver© prepared daily by dissolving
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weighed amounts of well-dried solid in a minimum of ail. H&Obi that

was then diluted with O.QSM-soaium phosphate buffer, pM 7*0* She

solution vaa centrifugud and standardised by measurement of the

extinction at 252 a\t of en appropriately diluted sample (at pH

7.0, c - 1.69 x 10h).
Other reagents. All solutions were made up in O.O^M-sodium phosphate

buffer, pii 7*0, Pig thyroglouulin was prepared as described in

section h.2. Urea was recryatallised from ethanol, and oM~uraa

solutions in phosphate buffer were prepared daily. Ha^SO^ solutions
in phosphate buffer, pb 7.0, were prepared and used within half

an hour.

Spectropliotoaetrie measurements. The theoretical number of half-

cystinyl residues in pig thyreoglobulin vas calculated from the

amino acid analysis of berriea et ai. (19^9). Tbyroglobulin solutions

(0.5-1.0 ml,, containing a theoretical 0.!» maol® of half-cystinyl

residues) were prepared in phosphate buffer, pH 7*0, in the presence

or absence of 8M~urea. Solutions were incubated at 20° or 37°
and HagSO, was added in a volume of less than 0.2 ml. Different
amounts of ltaM-pCMB (up to 1 ml. vol.) were added iacaediately,

or after a certain time interval. Heactants were diluted to 5.0

ml, with phosphate buffer, pH 7,0, before reading the extinctions
2

at 250 or 255 »V in 1*0 cm. * cells* Blank settings were male with

buffer or 8M~urea-phosphate buffer, pH 7.0.

Linear calibration graphs were drawn of the extinction of

increasing concentrations of pCMB in the presence or absence of

da-urea, and with various concentrations of tia^SCK. From these
results the change in extinction (AS) at 250 or 255 ay was found
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for different molar ratios of pCHB to theoretical number of half-

cystiuyl residues in thyreoglobulin.

RKSULT3

Thiol groups of native tbyroglobulin. Free thiol groups of thyro-

globulin were examined by mixing with an excess of pCIlB (l yiaole

of pCMb to O.U Miaole of cystinyl residues). Ho change in extinc¬

tion was detected 0-3 ain.» one hour, and twelve days after mixing.

These results confirm other reports that no detectable thiol groups

are present in thyroglobulin (de Crosfcruggae et si. !£?&>. Holland

et al. Ii?t>t3).

pCHB titration of thyroglobulin in the presence of sulphite,

apectrophot©metric titration with pClSJ was carried out in the presence

of a 2- or U-fold excess of sulphite required to split ail the

diaulphide bonds of thyroglobulin. lo significant increase in

extinction at 255 saw was observed in either case when thyroglobulin

was titrated with from 0.05 to 2.0 molar ratios of pCMB per half-

cystinyl residue.

pCHB titration of thyroglobulia in 8M-urea (glua sulphite).
% * * a

de Croabrugghe et al. (lj€0) showed that quantitative reduction

of all the bisulphide linkages of thyroglobulin is only effected

in a denaturing solvent such as 3M-urea. Carter (1959) observed

that incubation at 37° increased the rate of sulphitolysis of proteins:

disulphid® bonda were estimated quantitatively by aoperometrie

argentitaetrie titration of several proteins in 3m- area in the presence

of sulphite.

In four experiments, 0, 2, U and 20 uraolea of sulpaite were

incubated at 37° with thyroglobulin in SM-urea for 5 sin. pCMB



10.1. Increase in extinction at 255 raja from reaction of

pCMB with thyroglobulin (containing 0.4 i^mole of

half-cystinyl residues) in 8M-urea-0. 05M-phosph&te

buffer, pH 7.0, in the presence of different sulphite

concentrations at 37*. Readings were taken 90 rain,

after mixing. Sulphite added: None (•), 2 yumoles (x),
4 U moles (•), and 20 M-raolea (a).
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was added, and extinctions were read at 255 my after 90 min. Small

linear increases of AE were obtained after pCiffl titration in the

presence of 0, 2 and 4 ymoles of sulphite (Fig. 10.1.). This might

be due to reduction of a few labile interchain disulphide linkages

of thyroglobulin (de Crombrugghe et al. 1966). Reduction in 8m-

urea with a 50-fold excess (20 ymoles) of sulphite appeared to

split all the disulphide bridges of thyroglobulin. The spectro¬

photometric titration curve reached a maximum at about 1.25 moles

of pCMB/mole of half-cystinyl residue in thyroglobulin.

Increasing the concentration of sulphite to give a 250-fold

excess over half-cystinyl residues in thyroglobulin did not result

in an improvement in sulphitolysis. Further spectrophotometric

titrations in the presence of a 50-fold excess of sulphite were

carried out to cheok the reproducibility of the method, and iden¬

tical results to that in Fig. 10.1. were obtained.

DISCUSSIOH

Optimum conditions for sulphitolysis of all the disulphide

linkages of pig thyroglobulin were found by spectrophotometric

titration with jg-chloromercuribenzoate. Titration was carried

out at pH 7.0 rather than pH 4.8 (Boyer, 1954) because thyroglobulin

is insoluble at this pH, near its isoelectric point (lleidelberger

& Pedersen, 1936).

Thyroglobulin did not contain any detectable free thiol groups,

which is in agreement with the findings of de Crombrugghe et al.

(1966) and Holland et al. (1966). Optimum conditions for sulphit¬

olysis of thyroglobulin were similar to those adopted for other

proteins by Carter (1959). Thyroglobulin was denatured in 8M-urea
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and complete sulphitolysis of all the diaulphide "bridges was achieved

in a 50-fold excess of sulphite at 37°. Holland et al. (19^6)

found very little difference between the half-cjstine content of

thyroglobulin from different species. It is likely that thase

conditions for complete sulphitolysis of pig thyroglobulin will

be equally applicable to thyroglobulin from other species. Swan

(1957) 3howed that 3,5-dibromotyrosine was unaffected by the cupric-

sulphite reagent used in S-sulphonation (see section 10.2.2.),

so it is probable that iodotyrosyl residues will not be affected

by the reagent.

10,2.2. S-sulphonation of thyroglobulin. Weighed rat thyroid3 were

homogenised in O.OUM-NH^HCQ^ buffer, pH 8.0 (l ml./thyroid) and
the homogenate was made 8M with respect to urea. Alternatively,

freeze-dried thyroglobulin was dissolved with the minimum of frothing

in the same 8M-urea-buffer mixture to give a 0.1 to 0.5$ (w/v)

solution. Cuprie sulphate end sodium sulphite solutions of the

required concentrations were used within half an hour of prepara¬

tion in 8M-urea~0.O^M-UH^HCO buffer, pH 3.0.
The procedure outlined by Swan (1957) was modified as follows.

The theoretical number of half-cystinyl residues in thyroid homog-

enates (allowing for 70$ water content of the gland) or thyroglobulin

was calculated as described above (section 10.2.1,). The thyro-

globulin solution was incubated at 37° and a 50-fold excess of

sulphite required to split all the disulphide linkages was added.

A 10$ molar excess over sulphite of cupric ammonium hydroxide was

added immediately and the pH was adjusted to 9.5 (2N-NH. OH). Sulphite

and cupric additions were repeated 10 min. later and the stoppered

tube was stood at 37° for 2k hr.



Fig. 10.2. Peptide map autoradiogram of a chymotryptie digest

of S-sulphonated rat[UIl]-thyroglobulin. Electrophoresis
at pH 6. 5 was followed by chromatography in BA solvent.

electrophoresis electrodes. SF: chromatography

solvent-front, x: origin.
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Table10.2.

WeddelpancreatinhydrolysisofS-sulphonatedthyroglobulin(Tg~SS03)andselectedchymotryptic iodopeptidesfromthisproteinseparatedbypeptidemapping(Fig.10.2.).Compositionofhydrolysates (BA&BDAchromatograas)expressedaspercentagesoftheoriginalthyroglobulinradioactivity. PercentofORIGINALradioactivityofthyroglobulin
Spot%inSpotOrigin(BDA)IodideHITPITT3Sl"+Ioa's*BA-SFmaterial4" Tg-SS03(100)25.07.322.620.66.32.359.62k,l 013.3Incompletehydrolysis-noresults. A12.3Incompletehydrolysis-noresults. A22.7Incompletehydrolysis-noresults. 063,h1.50.320.310.170.190.111.60.TT

072.30.970.77O.lU0.250.230.101.50.39 AlU9.13.81.21.50.65l.o0.223.72.k A176.02.20.331.11.90.070.033.1*0.72 A233.3l.k0.830.300.1*80.060.021.70.58 A2k2.U0.890.310.860.150.030.011.1*O.58 3203.00.520.1*21.30.5U0.02-2.30.17 3212.80.1*00.131.70.280.02-2.10.17 *SumofMITandDITonBA»TkandT3onBDAandiodide. ■*Todothyroninematerialatthe3Asolventfront.
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Dialysis at 2° for 12 hr. intervals was carried out against

2 1. volumes of distilled water containing: (i) 10 S-t-EDTA, pH

8.5 (NHjOH), (ii) 10~^M-EDTA, pH 6.5, (iii) as in (i), (iv) 6 (v)
distilled water, pH 8.5 (M^OH). All contaminating ions and urea
were removed by this treatment. The solution was freeze--dried

after removing dissolved ammonia under reduced pressure.

10.2.3* Examination of S-sulphonated thyroglobulin.

(a) Results of peptide mapping. Thyroids from two iodine-deficient

rats were labelled in vivo with iodine-131 for 2k hr. The thyroid

homogenate was S-sulphonated as described in section 10.2.2. A

portion of freeze-dried material was partially hydrolysed using

chymotrypsin for 2h hr. (section 6.2.2.). Peptide mapping was

carried out by electrophoresis at pH 6.5 followed by chromatography

in BA solvent. Distribution of radioactivity on the peptide map

autoradiogram is shown in Fig. 10.2. Radioactive spots were cut

out and counted, and selected iodopeptides were eluted and hydrolysed

with Weddel pancreatin (for U8 hr.).

Pancreatin hydrolysis of S-sulphonated thyroglobulin and

of iodopeptides was not complete (Table 10.2.). Origin and near-

origin spots (01, A1 & A2) were extremely resistant to pancreatin

hydrolysis. S-3Ulphonated thyroglobulin, and the peptides, showed

relatively large amounts of iodothyronyl material on BA chromato-

grams but only a small amount of thyroxine and triiodothyronine

on BDA chromatograas, probably due to incomplete hydrolysis. Both

mono- and di-iodotyrosine were present in all the peptides studied.

A2U, 320 & D21 contained mainly monoiodotyrosine and 07, A17 &



Table1(43.

Weddelpanereatinhydrolysis(forkQhr.)ofuntreatedand3-sulphonated-ratthyroid homogenate.S~sulphonatedhomogenatewasalsohydrolysedusingpepsin(pH1.9for6hr.) followedbyWeddelpancreatin(pH8.5forhr.).Theratwasmaintainedonanormaldietof rat-cake.Compositionofhydrolysates.
Percentoftotalradioactivityonchromatograms

Enzymes

Substrate

Solvent

Origin

Iodide

MIT

PIT

TfcT3

EIooJs*

Veddel

lioaogenate

BA

1.2

7.0

15.9

H9.8

17.6

BDA

7.6

6.6

63.3

11.71.6

79.0

Weddel

••

Tg-S303

BA.

6.5

■ .- 5.7

23.9

37.5

5.8

BDA

-

11.9

73.^

6.90.6

69.0

Pepsin/

Tg-SS03**

BA

5.5

b.3

26.2

35.5

13.7

Weddel

BDA

1.6

3.6

75.2

9.71.1

72.5

•SumofMITandBITonBAandTkandT3onBDA. ••Tg-SSO^isS-sulphonatedthyroglobulin.
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A23 contained more diicdotyrosine than monoiodotyrosine. Similar

results were obtained in other experiments using different prepara¬

tions of S -sulphonated thyroglobulin.

(b) Hasulta of total anzyiaic hydrolysis. A -labelled thyroid

homogenate was prepared from three rats maintained on a diet of

normal rat-cake. Table 10.3. compares the results of hydrolysis

of the hoaogenate before and after S-3Ulphonation. Iodoamino acids

released by Weddel panerentin digestion (for 43 hr.) accounted

for 69% of the radioactivity of S-sulphonated uhyroglobulin, compared

with 19% for untreated thyroglobulin. Peptic hydrolysis (pE 1.9

for 6 hr.) followed by Weddel pancreatin (pll 3.5 for 24 nr.) released

12.9% of the iodoamino acids from S-sulphonated thyroglobuliaa.

The yield of thyroxine was about 1/bth less than after pancreatin

hydrolysis of untreated thyroid horaogenate.

In further experiments on enaymic hydrolysis of S-sulphonated

tbyroglobulin the superiority of the pepsin/pancreatia combina¬

tion over pancreatin alone was confirmed. The results were not

always as good as those shown in Table 10.3., however. Enzymic

hydrolysis of isolated chymotryptic peptides from 3-sulphonated

thyroglobulin was not greatly improved using pepsin followed by

paacrostia.

DISCUSSION

Peptide mapping. Iodopeptide maps of chymotryptic digests of a

thyroid homogenate and of S-sulphonated tbyroglobulin show different

distributions of radioactivity in Figs. 9.1.(b) & 10.2., respec¬

tively. Streaking of negatively charged 'A' iodopeptide spots

at pH 6.5 in Fig. 10.2. is probably due to introduction of the
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■80^ group. 'H* or 'C' iodopeptidee on the map are unlikely to
contain an S-sulphocysteinyl residue unless they also contain positively

charged groups (at pH 6.5).

Pancreatin aydrolysis of ehyraotryptie iodopeptide spots was

not complete, hut raost of the spots examined contained more of

one iodotyrosine than the other. This might have been due to over¬

lapping of two iodopeptide spots on the map. However, if one peptide

did contain both mono- and di-iodotyroayi residues it suggests

that chymotrypsin does not attack tua peptide bonds adjacent to

all iodotyrosyl residues in thyroglotoulin. Chymotryptic hydrolysis

might split some of these bonds in certain molecules of thyroglobulin

but not in others. At least three iodopeptide spots might thus

be produced from the e&m region of thyroglobulin containing two

particular iodotyrosyl residues. This might account for the large

number of spots on the peptide map and also for differences in

intensity of radioiodine-labelling between spots (cf. section 9.»

Discussion}• 'This reasoning saigat also explain why so many iodo-

peptides contain aome thyroxine. One peptide, AlU, contained at

least 1/15tn of the total tnyroxine originally present in the thyro¬

globulin.

Total enayaic hydrolysis. Pancreatin hydrolysis of 8-eulphonsted

thyroglobulin gave incomplete release of the iodo&mino acids. This

is not very surprising in view of toe introdiiction of bulky, negatively

charged sulphite groups, hydrolysis was improved somewhat by incuba¬

tion with pepsin at pH 1.9 before digestion with panereatin. The

strongly acidic sulphite groups (pti about 1.6) still carry a slight

negative charge at pH 1.9* so peptic hydrolysis w&a still inhibited

to some extent.
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Hydrolysis of isolated chyraotryptic peptides from S-sulphonated

thyroglobulin using pepsin and panereatin in sequence gave better

results than pancreatin alone, but an unacceptable amount of unhydrol-

yaed material remained.

CONCLUSION

To fulfil the aim of thia work it is necessary to be able

to isolate a peptide from thyroglobulin which contains a substan¬

tial part of the thyroxine of the original protein.

S-sulphonation of all the disulphide bridges of thyroglobulin

has been achieved, and peptide mapping of chymotxyptic digests

of S-sulphonated thyroglobulin gave satisfactory iodopeptide patterns.

A peptide spot was found that contained about l/15th of the original

thyroxine present in thyroglobulin. Complete hydrolysis of

S-sulphonated thyroglobulin or iodopeptides from it was not achieved,

however. This was a severe limitation on the usefulness of

S-sulphonation as a method of pretreatment of thyroglobulin: other

methods of pretrsatment were therefore examined.
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10.3. Reduction and S-aminoethylation of thyroglobulin.

Freeze-dried rat [^l]-thyroglobulin (section U.U.I.) was

dissolved in freshly prepared, recrystallised Bit-urea (0.2$ protein

soln., v/v) and the pH vas adjusted to 10.3 with k0% methylaraine.

A 20-fold molar excess of g-mercaptoethanol over the theoretical

number of half-cystinyl residues of thyroglobulin (Rolland et al.

1966) vas added. The flask vas sealed under nitrogen gas and the

mixture vas stood at 20° for 1 hr. Methylaaine vas used to insure

decomposition of any thioglycollides that might be present in the

reducing agent (White, i960). Conditions were almost identical

to those shown by da Crombrugghe et al. (1966) to give quantitative

reduction of all the disulphide bonds of thyroglobulin.

Concentrated tris-acetate buffer, pH 8.5, vas added to the

reduced thyroglobulin solution to give a final concentration of

0.5M, and the pH vas adjusted to 3.5* Ten moles of ethylenimine

per mole of 3-mercaptoethanol were added and reaction vas allowed

to proceed at 20° for U5 min. (Battery & Cole, 1963)* An equal

volume of water vas added before purifying the &-(3-aminoethyl)thyro¬

globulin immediately by dialysis against 2 1. volumes of distilled

vater, pH 3.5 (M^OH), at 2° with three changes in 36 hr. The
non-diffusible material vas freeze-dried.

10.3.1. Peptide mapping of S-(B-aminoethyl)thyroglobulin.

Chymotryptic hydrolysis. Some dialysed, freeze-dried S-(e-aminoethyl)thyro¬

globulin (S-gAetTg) vas hydrolysed with ebymotrypsin as described

in section 6.1, Samples were taken for chromatography in BA solvent

at 0, i» 2, U, 6 and G hr. Hydrolysis was rapid up to U hr., after
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Fig, 10.3. lodooeptide map ot" chymotryptic peptides from S-

( p -amino-ethyl) thyroglobulin. Chymotryptic hydrolysis

for 6 hr. Electrophoresis at pK 6.5 for 2 hr. was

followed by BA chromatography for 12 hr.



10.4. Iodopeptide map of chymotryptic peptides from heat*

denatured thyroglobulin. Rat thyroglobulin was dena¬

tured by heating at 80* for 5 min. and then hydroiysed

using chymotrypsin for 8 hr. Electrophoresis at pH 6.5

for 3 hr. was followed by BA chromatography for 11 hr.



Table 10.4*

Selected iodopepti&e spots of chymotryptic (Cht) digests of

8-(0-erainoethyl) thyreoglobulin and heat-denatured (80°) thyroglob-

ulin (Figs. 10.3 4 10.b respectively). Peptide radioactivity as

percent of the total on the ioaopeptide map. Mean of results from

2 S-PAetTg.Cht and 6 80°Tg,Cht peptide maps.

S-6AetTg.Cht 80°Tg,Cht 3-gAetTg.Cht 80°Tg,Cht
Spot Percent Percent Spot Percent Percent

01 9.b 10.6 Ala 2.0 8.1

02 1.9 1.2 Alb b.b 5.b

03 7.9 3.0 Ale 5.2 2.5

0b l.b 1.0 Aid 5.0 2.0

H5 1.1 0.8 Ab 6.2 3.1

ST 1.3 0.7 A6 2.0 7.0

S9 1.1 6.2 A7 2.2 1.5

03 1.2 1.1 AID 8.b 5.8

C8 3.1 l.b A9 5.5 b.2

C9 0.6 0.8 A8 5.2 5.1

All 1.1 2.0

A23 2.0 1.7
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which only a slight increase in hydrolysis was observed up to 3

hr. Origin material accounted for 26 and 2k% of radioactivity

on the chromatogram at 4 and § hr. respectively. Those results

were similar to those obtained with heat-denatured thyroglobulin

(section 6.2.2.1.).

8-gAet-thyroglobulin was hydrolysed at 37° for 8.0 hr. with

a-ehyaotrypsin, using a substrate to enzyme ratio of 100:1 (w/v).

Electrophoresis. Ghyaotryptie peptides from S-$Aet-thyroglobulin

were eleetrophoresed at 1.9 hv on 5 est.-wide test-strips at pH

6.$ for 1, 2, or 3 hr.: the dried strips were autoradiographic!.

Electrophoresis for 2 hr. gave satisfactory separation of the iodo-

peptides.

Peptide mapping. A -thyroglobulin preparation was divided

into two: one portion was reduced and &~auinoethylsted and the

other was denatured by heating at 30° for 5 tain, (section 10.4.).

A peptide map of chymotryptic peptides frost 3~dAet-thyroglobulin

ie shown in Fig. 10*3. The distribution of radioactivity is different

from that shown in Fig. 10.2. where a chynotryptic digest of

S-sulphonat©4 thyreoglobulin was iodopeptido mapped. Fig. 10.4.

shows the iodopeptide nap of a cbyrotryptic digest of heat-denatured

rat [125J -thyroglobulin (see section 10.4.). lodopeptidee in

Fig. 10.3. were separated by electrophoresis for 2 hr., while the

other peptide maps were prepared by electrophoresis for 3 hr. The

iodopeptide map patterns in Figs. 10.3. & 10.4. are similar in

appearance.

Radioactivity of selected iodopeptides, as a percentage of

the total on the maps (Figs. 10.3. & 10.4.), are shown in Table

10.4. With some exceptions, the percentage radioactivity in



Fig. id 5. Iodopeptide map autoradiogram of peptides from

S-(p -aminoethyl) thyroglobulin. Hydrolyaed using

chymotrypain (for 8 hr.) followed by trypsin (for 4 hr.),

Electrophoresis at pH 6. 5 for 2 hr. was followed by

BA chromatography for 12 hr.
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10.6. Iodopeptide map autoradiogram of peptides from heat-

denatured rat thyroglobulin (8u° for 5 min.). Hydrolysed

using chymotrypain (8 hr.) followed by trypsin (4 hr.).

Electrophoresis at pH 6.5 for 2 hr. was followed by

BA chromatography for 12 hr.
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similarly numbered peptides (i.e. peptides with approximately the

same Ef on the two maps) were not the same. Iodopeptid.es from

S-8Aet-thyroglobulin were not elufcad from the paper and hydrolysed

to determine their iodoamino aeid compositions.

Chymotryptic digests of 3-6Aet-tayroglobulin and heat-denatured

thyroglobulin were each incubated with trypsin (enzyme/substrate

ratio of 1:100, w/w) for 4 hr. at 37°. Peptide mapping of both

digests was carried out by electrophoresis at pH 6.5 for 2 hr.

followed by 3A chromatography for 12 hr. The peptide map of the

heat-denatured thyroglobulin digest (Fig. 10.6.) gave two intense

spots which correspond in position to mono- and di-iodotyrosine

(ef. Fig. 3.1.). These two spots were less intense on the other

peptide map (Fig. 10*5*)* lodopeptide maps of cbymotryptie and

tryptie digests of the two thyroglobulin preparations were dis¬

similar as regards both position and intensity of the spots.

DISCUSSION

The similarity between iodopeptide maps of ohymotryptic digests

of S-{8-aminoethyl)thyroglobulin and heat-denatured thyroglobulin

is surprising in view of the positive charge of S-(8-aminoethyl)cyateinyl

residues at pH 6.5# Either few of the chymotryptic iodopeptides

contain S-SAet-cysteinyl or cystinyl residues, or most of these

residues remain in high-zaolecular~weight material at or near peptide

map origins.

About 550 bonds were split during 3 hr# chymotryptic hydrolysis

of heat-denatured thyroglobulin (section 6.2.2.2.). Rat thyro¬

globulin contains 206 half-cystinyl residues (Holland et al. 1966).
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Assuming uniform distribution of cystine throughout the protein,

then one should find about one cystinyl residue per 5 peptides

or one S-(3-aminoethyl)cyateinyl residue per 3 peptides (for an

average chymotryptic peptide of about 10 amino acid residues).

On the basis of an iodine content of 0.5$ (Roche & Michel,

1951) this rat thyroglobulin would contain the following moles

of iodoamino acids per mole of protein:

9 MIT, 5 DIT, 1.3 TU, 0.3 T3.

The two chymotryptic iodopeptide maps contain about 60 spots. Apart

from non-specific iodination of thyroglobulin in vivo, other possible

reasons for the presence of four times the theoretical number of

iodopeptides were discussed in sections 9* & 10.2.3* Assuming

specific in vivo iodination of tyrosyl residues in thyroglobulin,

one chymotryptic peptide in 37 would contain an iodoamino acid

residue. The chances that an iodopeptide will also contain a cystinyl

or £3-(8-aminoethyl)cysteinyl residue are thus small, especially

as a large number of these residues probably remain in origin or

near-origin material on the peptide maps.

Further tryptic hydrolysis of chymotryptic peptides from

the two thyroglobulin preparations tends to confirm the above proposi¬

tion. Origin and near-origin material is markedly reduced and

iodopepfcide patterns on the two maps are no longer similar (Figs,

lO.J. & 10.6.). S-(g-aiainoethyl)cysteine is an analogue of lysine

(Raftery & Cole, 1963)j S-arainoethylated thyroglobulin should

thus contain a further 208 trypsin-sensitive bonds in addition

to the 176 lysinyl and 2U2 arginyl residues per mole of rat thyro¬

globulin (Rolland et al. 1966). Tryptic hydrolysis of chymotryptic



Table10,5.

WeddelpancreatinhydrolysisofratS~(B-aadnosthyl)[12^l]~thyroglobulinanduntreatedrat[1£^l]- thyroglobuiin.Compositionofhydrolysatesasrevealedbyone-dimensionalchromatographyinsolvents BAandBDA.Numberofexperimentsaregiveninbrackets. Percentoftotalradioactivityonchromatograms
i

SubstrateOrigin(BM) S-BAetTg(3)7.U Tg(2)3.6 *Listhesumofiodide,MIT,DIf,TU&T3.
Iodide(mean)UlDITTUT3EI">Iaas* 3.835.23U.99.81.28U.9 2.93k.536.313.3l.k88.1*
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peptides might therefore split a further 626 peptide bonds in

S-(8~aainoathyl)thyrogiobulin and also Hl8 bonds in heat-denatured

thyroglobulin.

Iodopeptide patterns (Figs. 9*2.(a) & 10.6.) of ehymotryptic

followed by tryptic digests of undenatured or heat-denatured thyro¬

globulin ore similar (allowing for longer times of both electro¬

phoresis and chromatography in Fig. 9.2.(a))« Heat-denaturation

of proteins often increases tryptic hydrolysis (Leggett Bailey,

1962), and this is shown to be the case by the presence of less

origin material in Fig. 10.6. than in Fig. 9.2.(a).

These results suggest that most of the chyniotryptic iodo-

peptides of thyroglobulin do not contain cystinyl residues. Origin

and near-origin material on chyrootryptic peptide maps probably

contain a large number of cystinyl residues, and also a large number

of basic residues that are susceptible to further hydrolysis by

trypsin.

10.3.2. Total enzyme hydrolysis of S-(3-aminoethyl)thyroglobulin.
■ ■will 1.1' «| .I»|||» ii»IW>». i.h.i.i > Ill ■. mil. ■!« ii-Hin nfflWI .-.n—■ ninii^.innwiw ..m .1.1— , 1 .. ...m« a

Results of tfeddel pancreatin hydrolysis of S~ (0-aiainoethyl)thyro¬

globulin that was purified by dialysis are shown in Table 10.9*

The results are compared with a digest of untreated thyroglobulin.

The nydrolyszate of S-(S-aminoethyl)thyroglobulin contains less

thyroxine and more origin material than that of the original protein.

Iodopeptide material contaminating the iodotyrosyl region of the

BA chromatograms probably accounts for the higher yield of mono-

then di~iodotyrosine from S-(0-a«iinoethyl)thyroglohulin (cf. section 8.).
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ca?cmsios

Incomplete iodoamino acid release from 3-(tt~asdncethyl)thyro-

globulia using paneraatin hydrolysis, and the similarity of chysso—

tryptic iodopeptide maps with those from heat-denatured thyreoglobulin

suggested that heat-denaturation of thyroglobulin should be examined

in more dotail.



Table10,6

Butanol-2H-aceticacidchromatographyof]-labelledratthyroidhoiaogea&teafter heat-donaturationatdifferenttemperatures,Percentofradioactivityonchroaatogrsm (meanoftvoresults). Temperature 0°

60° 70° 80° 90°

f—

Origin 96.6 96.8 96.2 96.1 96.0

Percentofradioactivityonckroisatograias Iodide 1.0 1.5 1.7 1.8 2.1

"Jr

DI3

1-Thyroniaea 0.5 0.5 0.5 0.5 O.h

IQrigin»l" 97.6 98.3 97.9 97.9 9-3.1
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10. U. Heat-denaturat ion of tfryroglobulin.

Thyroid homoeenafcea contain proteases (Da Robertia, ljitl,

McQuillan et al. 195^) and peptidases (Laver & Trikojus, 1956),

and also microsomal enzymes that deiodinate free iodotyrosines

(Stanbury, 1957. I960). Moat of the latter enzymes are removed

by ultracentrifugation of thyroid hoaogenates. It is necessary

to determine whether these enzymes are destroyed by heat-donatur-

ation in order to obtain reproducible chymotryptic iodopeptide

maps from thyroglobulin.

10.U.1, Optimum temperature for denaturation of thyroglobulin.
Denaturation. Radioiodine-labelled rat thyroids (section U.l.)

were homogenised at 0° in 10 ml* distilled water and divided into

ten equal portions* Duplicate samples in thin-walled pyrex-glass

tubes were heated for 5*0 min. at 60°, 70°, 30° and 90° (all *1°)
in a constantly stirred water bath with gentle shaking. The tubes

were then cooled rapidly to 0°: control tubes were kept at 0°.
Samples from the tubes were chroaatographed in BA solvent

to show whether deiodination by heating was excessive. Results

are shown in Table 10.6. Origin material was approximately constant

while iodide increased slightly from the 0° to 90° samples. Material

at the BA solvent-front (labelled "iodothyronines5'' in Table 10.6.)

ia probably iodine that is produced by oxidation of iodide in the

acidic solvent. Deiodination by heat treatment up to 90° was very

smell.

Protease activity, (a) Chromatographic evidence. Samples prepared

above were incubated (plus 1 drop of toluene) at 37° for 2*t hr.

sad samples were chroaatographed in BA solvent. Table 10*7. shows



Table10.7

Butanol-2H-aceticacidchromatographyoft131!]-labelledratthyroidhomogenatethat wasdenaturedbyheatingatdifferenttemperatures,andwasthenincubatedat37°for 2khr.PercentofradioactivityonBAchromatograms(meanoftworesults). Percentofradioactivityonchromatograas
Temperature

Origin

Iodide

MIT

PIT

I-~Thyronines
EOrigin+I

0°

9k,9

2.1

0.5

0.8

0.8

97.0

60°

92,5

k.9

0.1*

0.6

0.7

97.H

70°

93.5

k.2

0.3

0.3

0.U

97.7

80°

93.2

k.G

0.2

0.2

0.5

97.2

90°

9^.3

3.8

0.2

0.2

0.5

98.1



Table10.8.

Examinationofcrudethyroglobulinforproteaseactivityafterheat-denaturationat80° for5min.Controlcontained[^2^l]-andunlabolledthyreoglobulinbothofwhichhadbeen denaturedat100°.Theothersamplecontained100° -denatured[^**1]-thyroglobulinplus 80°-denaturedunlabelledthyroglobulin.Incubatedatpll8.0for2khr.at37°«Percentof totalradioactivityonBAandBDAchronatograss.Mean*standarderror(n«3). Thyreoglobulin

Solvent

Origin

Iodide

E(Origin+Iodide)

125I.100O-H00O

BA

86.75*0.1*6

10.fc2*0.2l*

97.17*0.11

BDA

85.80*0.19

11.01**0.19

96.8^*0.06

125I.100°+80°

BA

86.09*0.50

10.77*0.19

96.85*0.31

BDA

85.95*0.50

10.37*0.53

96.83*0.20
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that origin material decreased very slightly and iodide doubled

compared with tlx® 0° itample* About 1# iodotyrosines were present

in the 0° and o0° samples, and about 0.5% in the other aapples.

Protease nativity was low end was less in the S0°- and 90°-denatured
samples. The increase in iodide night be due to deiodlnase activityt

but it is more likely to be due to oxidative deiodinetion of the

protein during incubation.

In another experiment radioiodine-labellei and unlabelled

crude thyroglobuiin was prepared as described in section h.h.l.

Sxe freeze-driad thyreoglobulins were dissolved in distilled water

to give 0.1%$ (v/v) solutions* ["^l]-thyroglobulin was denatured

by heating at 100° for 5*0 min, as described above* Ualabelled

thyroglobulin was divided into two lots, one of which was denatured

at 80° and the other at 100° for 5 &La. The following were then

carried out in triplicate* Equal amounts (100 pi.) of 100°-denatur©&
labelled end unlabelled thyroglobulin solutions were mixed (this

was the control). Identical quantities of 100°-denatured
thyroglobulin and 3Qc~deaafcurad unlabelled thyroglobulin were mixed.

Each solution was made 0.0%M with respect to the pE was

adjusted to 3.0, and 1 drop of toluene was added.

Tubes were incubated at 37° for 2k hr. and the contents were

chromatographed in M and ADA solvents. The results in Table 10.3*

show that origin material, material having the same Rf as Iodide,

and the sua of radioactivity in these two peaks are not signific¬

antly different in the control or 80°>denatured preparations. More

iodide vas released than vas found in Table 10.7. This might be

due to 100° heat-denaturation of the protein or to incubation at

an alkaline pH*



Fig. 10,7. Peptidase activity in 80* heat-denatured rat thyroid

homogenate. Some 100*-denatured crude thyroglobulin

(3.12 mg.), 100 pi. of 80*-denatured thyroid homogenate

and chymotrypsin were incubated at i7* and pH 8. 2 in

a pH-stat (A). After 44 min. (50% hydrolysis) chymo-

trypain was denatured by heating at 100* for 5 min. (B).

pH- atat autotitration confirmed that no proteolytic

activity remained (C). A 100 pi. sample of 80*-dena¬

tured rat thyroid homogenate was added at (D). Added

O.OlN-NaOK is expressed as a percentage of the

delivery-syringe volume (0. 5 ml.).
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(b) pH-atat autotitration evidence. A rat thyroid horaogenat®

(about 2%* v/v), denatured by heating at 00*1° for 5 mn.» was

incubated at 37° in a pH-atat at pH 8.2 fbr orer 100 min* There

was no uptake of O.OlN-NaOH during this time, which showed that

no protease activity was measurable.

Peptidase activity* Some 100°-denatured rat tbyroglobulin (3.12

mg.) was dissolved in 1.0 ml. 0.15M-Nad. An 80°-danatured rat

thyroid homogenate (100 pi.) was added and the pH was adjusted

to 8.2. pH-atafc autotitration was started after addition of ehyiao-

trypsin (section 6.2*2.2.). When chymotryptic hydrolysis was 30%

complete (after hh min. as shown in Fig. b^..} the incubation mixture

vaa heated immediately at 100° for 5.0 min, to denature chyznotrypsin.

It was cooled and replaced in the pH-stat. lio uptake of alkali

occurred over a 20 min. period*

A further 100 pi* of O0°-dsnaturad rat thyroid homogenate

was added and incubation in the pH-stat was continued for 100 min.

with no uptake of alkali (Fig. 10.7*)♦ Peptidase activity is thus

absent from 80° heat-denatured thyroid homogenate, or it is so

low as to be undetected by these procedures.

DISCUSSION

Heat-denaturation of thyroglobulin or thyroid homogenate

at 80° for 5 min. in distilled water does not give rise to excessive

dsiodination* Chromatography and autotitration show that endo¬

genous proteases and peptidases are destroyed by this heat treatment.

The results are in agreement with work of McQuillan, Mathews &

Trikojua (l9ol) who have shown by chromatography that heat-denaturation

of partially purified thyroglobulin at 80° for '+ min. destroys



Table10.9*
r

Pancreatinandpronaaehydrolysisof["^**l]-labelledratthyroglobulindenaturedbyheating at80°for5min.Compositionofhydrolysates.Mean*StandardError(n*3). Percentoftotalradioactivityonchromatogram.
CnsyaeSolventOriginIodideMonoiodo-Diiodo-ThyroxineTriiodo-ZI~+Iaos* tyrosinetyrosinethyronine

PancreatinBA2.86*0.096.05*1.2033.66*1.11*27.36*1.3814.07*0.60 BDA13.61*2.888.1*3*0.1*555.78*0.7510.30*0.832.33*0.3fc80.89
PronaseBA1.10*0.111*.19*0.0728.31*0.7531.56*0.11*22.21**0.32 BDA6.62*0.221*.98*0.0659.27*1.0816.97*0.21*2.85*0.21*8U.29

•Iodide(meanonBA&BDA)plusMIT,BIT,TkandT3
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the thyroidal proteases* Heat iaaotivatioa of deiodina&e activity

v&ft not examined ea the enzyme is reported to be destroyed by heating

at 55° (Staubury, I960),

In work described below heat-denatured tiiyroglobulin will

refer to tbyroglobulin denatured by heating at 00° for 5 adn.

10.1*.2. Total engyaic hydrolysis of heat-denatured thyroglobulin.*

Crude rat [12^l] -tiayroglobulia (section 4.4,1.) was denatured by

heating at 30° for 5 mia. Conditions for ensyaic hydrolysis and

ohrcsaatography were described in section 5.

10.4.2.1, Panercatin or pronase hydrolyaia. Table 10.9. compares

the results of Veddal paaereatixi and pronaae hydrolysis of haat-

dsaatured thyroglobulia (experiments were carried out in triplicate).

The pronaae digest contains significantly less origin material

and it may contain less iodide: the percentage of thyroxine is

significantly higher than in the pancreatin hydrolyaate. Total

radioactivity accounted for as iodide plus iodoanino acids is only

about OOjC of the total.

Action of pancreatin or pronase on a thyroid hosogenate in

section 5.3.5. (Table 5.6.) accounted for about djf of the total

radioactivity as iadoacdno acids plus iodide in each case.

10.4.2.2. &ffeet of ualabolled thyroid hoaoganate oa pancreatin or

pronaac hydrolysis. An unlabelled fresh thyroid homog-

euatc (section 5.1.11.) was used as a source of thyroidal proteolytic

•Borne of this work has been accepted for publication in the Biochea. J. (1963).



Table10.10.

P^**l]-labelledratthyroglobulindenaturedbyheatingat80°for5ain.,hydrolysedwith pancreatinorpronaseplusnon-radioactivethyroidhomogenate.Compositionofhydrolysates. Mean*StandardError(n»3).
Percentoftotalradioactivityanthechromatogram

EnzymeSolvent Pancreatin Pronase

BA BDA BA BDA

OriginIodideMonoiodo-DiiocLo-ThyroxineTriiodo- tyrosinetyrosinethyronine
1.58*0.2H5.^2*0.3730.21*1.2133.56*1.0117.59*1.37 3.28*0.076.29*0.1859.0Ml.5HlH.39*1.672.57*0.27 1.16*0.105.67*0.1932.22*0.5233.5M0.1218.77*0.51 1.99*0.U35.88*0.316o.77*0.oU17.33*0.292.88*0.08

Zl""«-Ictcts* 8656 9131

•iodide(meanonBA&BDA)plusMIT,HIT,TkandT3.



10.8. Peptide map autoradiogram of a Weddel pancrsatin

hydrolysate of [IMl]-labelled crude thyroglobulin.

Electrophoresis at pH 6, 5 for 3 hr. was followed by

chromatography in butanol-acetic acid for 12 hr. Solid

lines enclose recognisable spots detected by autoradio¬

graphy. Dotted outlines indicate positions of ultraviolet

absorbing spots on the chromatography paper.

+,-J electrophoresis electrodes. SF: chromatography

solvent-front, x: origin.



® (*)0,® 0 ®

10.9. Peptide map autoradiogram of crude [u,l]-thyro-
globulin hydrolyaed by Weddel pane reatin plus a source

of thyroidal proteases. For conditions of separation and

description of symbols see Fig. 10.8.
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enzymes in triplicate incubations similar to those described in

section 10.2.1. BOA origin material in Table 10.10. has decreased,

compared with Table 10.9*. and the amount of iodide has not changed

significantly. Total radioactivity accounted for, however, has risen

from approximately Q0% to nearer 90%. In Tables 10.9* and 10.10.

the superiority of pron&as hydrolysis over pancreatin is shown

by less origin material and a higher yield of thyroxine.

Addition of the 125,000 g supernatant from a non-radioactive

thyroid homogenate, or a hoiaogenate which had been aged by storage

at 0° for 12 hr« gave similar results to those shown in Table 10.9.

The endogenous proteases are largely particulate and are labile

during storage (Jablonski 6 McQuillan, 19t>7).

10.U.2.3. Peptide mapping of hydrolysate constituents. In an attempt

to account for the radioactivity not accounted for in identifiable

regions of the one-dimensional chromatograms, the constituents

of certain thyroglobulin hydroxysates WQro peptide mapped. Poacreatin

hydrolysis of heat-denatured thyroglobulin clearly leaves a lot

of peptide material unattached, as is illustrated in Pig. 10.3.

The beneficial effect of adding non-radioactive fresh thyroid homog-

enate to the panereatin digest of heat-denatured thyroglobulin

is shown in Pig. 10.9. Even in the best hydrolysis conditions

known at present, employing pronase plus a non-radioactive thyroid

homogenate, some peptide materiel still remains after digestion

of heat-denatured thyroglobulin (identical vith Pig. 3.1.).

Most of the small iodopeptides have Rf values in the region

of the iodotyrosines and some iodopeptide material also migrates

near the BA solvent-front (Figs. 10.6. & 10.9*)• One-dimensional



Table10-.11

Percentagesofthetotalradioactivityinrecognisablespotsonthepeptidemapsof pancreatinandpronasedigestsof-labelledthyroglobulindenaturedbyheating at80°for5min. Enzyme

RadioactivityinspotsasPercentoftotalradioactivity>■«—l*nm*■■-<*"/•»fl!■■nI1IimjIIIlilwl«Mitll<lI■»II.1TITITIII(III11if111111'1IT1Iill percentoftotalonpaperinHIT♦PIT+TH»T3
Pancreatin Pancreatin*lion-radioactive hoaogenate

Pronase+Non-radioactive homogenate

90 87 91*

80

75
90



Table10.12.

."^i]-labelledratthyreoglobulindenaturedbyheatingat80°for5min.,hydrolysedwith subtilisininthepresenceorabsenceofthyroidalproteases.Compositionofhydrolysates. Mean*StandardError(n■3).
Percentoftotalradioactivityonchromatogram

Enzyme

Solvent

Origin

Iodide

MITDIT

t4

T3

II"+Iacts*

Subtilisin

ba

4.05

17.48

34.8211.70

l6.4l

bda

37.66

30.33

26.02

(♦!*")

0.84

-

Subtilisin

ba

3.78*0.18

6.12*0.24
29.17*0.8525.00*1.5222.62*1.37

♦Thyroid

9.96*0.33

Homogenate

bda

7.00*0.64

57.68*1.12

14.82*0.49
2.48*0.11
78.03

*Iodide(meanonBA&BDA)plusMIT,DIT,TkandT3.



Table1G.i..

PeptichydrolysisatpH1.9for2khr.ofP^l]-labelledcrudethyreoglobulindenaturedbyheating at80°for5rain.ThepHofanotherpepticdigestwasadjustedto8.0,tris-saline-CaClgbufferand pronasewereaddedandincubationwascarriedoutfor16hr.Compositionofhydrolysatesasrerealed byone-dimensionalchromatography.Mean+standarderror(n«3). Percentoftotalradioactivityonthechromatogram
Pepsin

SolventOriginIodideMITPITTHT3 BA13.91+0.2612.3^+1.9215.39+0.6718.53+0.5126.67+0.17 BDA22.15+0.693.38+0.9H36.25+0.5016.2H+O.UOU.H9+0.10
Il"+Iooa* 65.26

Pepsin/PronaseBA1.17+0.115-56+0.2231.63+0.9230.3^+0.5917.63+0.38 BDAk.QG+O.lk7.28+0.1862.HH+0.5713.25+0.Hi3.18+0.1985.10
*Iodide(meanonBA&BDA)plusMIT,DIT,THandT3.
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BA chromatogr&cne thus yield too high estimates of iodotyrosines

aad iodothyronines unless hydrolysis is complete.

Percentages of radioactivity occurring in recognisable spots

on the peptide maps compared with radioactivity on the rest of

the paper are shown in Table 10.11. Iodide (which constitutes

roughly '}% of the radioactivity found on the one-dimensional chrom-

atograias) will have migrated off the peptide maps. If one maJtes

allowance for this, the estimate of percentage of total hydrolysate

radioactivity which ia recovered as free iodoamino acids is very

much the same for the two-dimensional separation as for the one-

dimensional.

10.1*.2,J*, hydrolysis using subtillain. The effect of adding a source

of thyroidal proteases to heat-denatured thyroglobuiin is shown

dramatically in Table 10.12. Hydrolysis using subtilisin alone

is very poor, while in the presence of thyroidal pro tea.-.en it is

comparable with the Weddel pancreatin results in Table 10.9*

10.U.2.5. Peptic hydrolysis. Thyroxine release from heat-denatured

thyroglobuiin after peptic hydrolysis was the same as that obtained

from a thyroid homogenate (cf. Tables 10.13. & 5.7»)• Further

hydrolysis using proaase in Table 10.13. gave a low yield of thyroxine,
those obtained with

but iodoamino acid yields were similar to^pronaae by itself and
superior to pancreatin alone (cf. Table 10.9.)• Less thyroxine

aad an increase in iodide suggested that chemical degradation had

occurred during further pronase hydrolysis. Inouo & Taurog (19<>7)

show that pronaae hydrolysis in the presence of methimasola aad

under anaerobic conditions alraost completely prevents chemical



Tablei:;.14.

Hydrolysisofheat-denaturedrabbit-thyroglobulinusingWeidelpancreatinorpronase.Samples verewithdrawnfromeachincubationmixtureatdifferenttimeintervalsandwerechroaaiographedinone- dimensioninBA&BDAsolvents.Compositionofhydrolysates. Percentoftotalradioactivityonchromatograas
Enxyme Pancreatin

Time(hr.)
Origin(BDA)
Iodide(mean)
MIT

PIT

Tfc

T3

n~+Ioa's

1.5

31.0

10.8

33.5

12.8

-

-

-

b

19.6

10.H

37.7

17.5

3.H

-

-

6

18.3

15.H

39.7

2k.k

3.2

-

-

2h

12.9

11.8

32.9

31.U

3.7

0.7

-

kS

11.5

lk.3

33.5

27.0

6.9

1.5

83.2

Pronase

2

M

3.1

32.8

37.7

U.3

0.U

78.3

k

6.5

3.7

35.6

38.5

8.5

0.8

87.1

6

k.6

3.5

29.9

32.0

17.0

1.9

81».3
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degradation of free thyroxine. Thiouraail was used in the above

hydrolyaates and was lees efficient than metbimaaole. In later

work the finding® of Inoua & Taurog (1967) have been confirmed.

Promise followed by peptic hydrolysis was unsatisfactory.

10.4.2.6. Tigte of incubation with paacreatln or pronase. Thyroxine

yields were found to decrease during prolonged hydrolysis using

pancreatin (Tong & Chaikot'f, 1958) or pronaee (Tong at al. 19^3).

lodosuaino acid release from heat-denatured rabbit [125x1 -thyro-

globulin was therefore examined at different times of incubation

with Weddel pancreatin or pronase.

Pronano hydrolysis is weir rapid and nears completion after

6 hr. (Table 10.14.). Mono- and di-iodotyrosine peaks in the 1.5,

4 and 6 hr. pancreatin digests are contaminated with peptide material.

Low thyroxine and high iodide percentages suggest that deiodina-

tion of thyroxine has occurred in the longer p&ncreatin hydrolysates

(in the presence of thiouracil). The high yield of thyroxine and

presence of less iodide shows that C hr. pronase hydrolysis ie

superior to 48 hr. pancreatin digestion.

LISCUSSIOB

In view of the virtually complete hydrolysis of radioiodine-

labelled rat thyroid homogenates by pronase and also pancreatin

(section 5.), it is surprising to find that hydrolysis of partially

purified heat-denatured thyroglobulin is not satisfactory. The

results show that enzymic hydrolysis of thyroid iodoprotein relies

on the quite isportant but previously unrecognised role of thyroid

enzymes present in the thyroid hORsogenate.
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It is likely that thyreoglobulin is hydrolysed mainly by the

thyroid mast-cell, enzyme at pH 8.0 or 8.5 in vitro (Pastan & Almqvist,

1966aub), rather than by the thyroidal proteases and peptidases

that McQuillan et al. (1961) showed to have acid pH optima. A

"neutral" thyroidal protease and peptidase (Jablcnski & McQuillan,

19b7, Pastan & Almqviat, 1966a) may also augment hydrolysis of

thyroglobulin, but these enzymes have not been purified and charac¬

terised.

One-dimensional chromatography has shown that enzyraic hydrolysis

of heat-denatured thyroglobulin yields about 90% of the radioactivity

as free iodoamino acids and iodide. Peptide mapping shows that

about 10# of the radioactivity is still peptide-bound, and most

of the peptide material has approximately the same Ef as the iodo-

tyrosines while a small amount contaminates the iodothyroaines in

solvent BA. One-dimensional BA caroaatogrsm3 thus yield too high

estimates of the iodotyrosines and iooothyronines ; Plack-itt et

al. (I9b3b) have shown that this is also true for triiodothyronine

in BDA solvent.

The specificity of pronase (Hiramatsu, 1967) suggests that

incomplete hydrolysis of thyroglobulin may be due to resistance

of prolyl, cystinyl or aspartyl bonds to ensyaic attack. Alternat¬

ively the carbohydrate units of the glycoprotein may prevent access

of the enzyme to peptide bonds (Cheftel et al. 196!+; Murthy et

al. 1965).

Pepsin released the iodothyroninea completely from heat-

denatured thyroglobulin. Virtually complete hydrolysis of heat-

denatured thyreoglobulin has been achieved using pepsin followed



- 117 -

by pronase, although these results are not superior to those obtained

using pronaae plus a source of thyroidal proteases.

Kologlu 3 Schwartz & Carter (1966) examined iodoamino acid

release from desiccated thyroid using various enzymes. Subtilisin

was found to b® superior to all the other enzymes studied, but

only 50-60^ of thyroidal iodine was recovered in the four iodo-

suaino acids. This result and absence of iodothyronines in peptic

or psuacroatin digests of these workers is probably due to incom¬

plete hydrolysis, and also to chromatography of centrifuged hydroly-

sate supematants (Rosenberg & LaRoche, 1964). The results presented

here contradict the findings of Kologlu et aJL. (1966), and emphasise

the importance of thyroidal enzymes in total hydrolysis of thyroid

iodoprotein. Pronaae hydrolysis for 6 hr. was found to be superior

to 48 hr. panersatin digestion.

In conclusion, iodoaraino acid release from heat-denatured

thyroglobulin using exogenous proteases requires the additional

presence of thyroidal enzymes. Under these conditions hydrolysis
(

increases in the order: subtilisin < pancreatin < pepsin/pronase

combination ^pronase.

CONCLUSION

Heat-danaturation of crude thyroglobulin at 30° has been

shown to destroy any thyroidal proteases and peptidases present.

Virtually complete iodoamino acid release was achieved by hydrolysis

using pronasa plus a source of thyroidal proteases. Chymotryptic

digests of heat-denatured thyroglobulin were further examined in

an attempt to isolate a thyroxyl peptide.



Table11.i.

Effectofenzymetosubstrateweightr&tioontotalhydrolysisofacbyaotryptiedigestofheat- denaturedrabbitP^'l]-thyroglobulinusingnronase(l6hr.)orpepsin(2fchr.).Composition ofhydrolysatesonBA&BDAchroaatograss.
PercentoftotalradioactivityonchroEatograas

r~—•—*——i
Ensyzce

S/Sratio

Origin(BDA)
Iodide(jeeaa)
WT

BIT

Tk

T3

Tl~*Iaa»

Pronase

5:1

2.2

2.9

31.2

k2.2

15.1

1.7

93.1

25:1

1.0

3.0

30.5

35.6

17.8

1.9

88.8

Pepsin

5:1

20.5

fc.3

10.1

23.0

13.9

2.k

53.7

10:1

17.9

5.2

11.7

27.3

13.1

2.0

59.3

25:1

17.1

5.2

12.1

25.5

16.5

3.H

62.7

50:1

13.U

3.1

22.7

26.9

13.3

2.0

75.0
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11. TOTAL ENZYMEC HYDROLYSIS OF CHYMOTRYPTIC PEPTIDES FROM HMT-

DMATURED TilYROGLOBULIN.

Total enzyme hydrolysis of an 8 hr. chyraotryptie digest

of heat-denatured thyroglobulin was examined in an attempt to increase

the yield of free iodoamino acids* This was necessary because

enzymic hydrolyis of isolated iodopeptides vaa found to be incomplete

in later work, and no peptide containing thyroxine was found. Condi¬

tions for hydrolysis using different enzymes were described in

section 5*1.

11.1. Effect of enzyme concentration on iodoamino acid release. Brown

It Hartley (1966) suggested that eystinyl peptides were relatively

resistant to proteolysis: this was overcome by using high enzyme

to substrate ratios. Normally an enzyme to substrate weight ratio

of about 511 was used in this work for total hydrolysis* Table

11*1* confirms that less origin material and more free thyroxine

are obtained from chymotryptic peptides using higher enzyme to

substrate ratios. Removal of some of the enzyme by precipitation

with methanol-conc. (1:1,v/v) was essential before chromatography

of digests, though. The 25:1 or 50:1 ratio hydrolysatea still

contained excessive amounts of protein after methanol-conc. HH^
treatment which made chromatography more difficult: less material

could bo applied at the origin and separation of peaks was some¬

times affected. An enzyme/substrate ratio of 10:1 gave satisfactory

results and this ratio was used in future digests.

11.2. Pronase followed by collagenaae (section 5.1.6.). Rat thyro¬

globulin contains 305 prolyl and k26 glycyl residues (Holland et al. 1966).



Table11.2.

HydrolysisofachymotrypticdigestofratP^I]-thyroglobulinusingpronase,orpronase followedbycollagenase.CompositionofbydzolysatesonBA&BDAchromatograms. Percentoftotalradioactivitycmehromatograms
Enzyme

Origin(BDA)
Iodide(Mean)
MIT

DIT

TH

T3

ZI~+Iaaa

Pronase

7.2

3.k

Uo.H

39.8

9.0

1.1

93.7

Pronase/Collagenase
8.5

6.3

35.0

33.8

8.8

1.2

85.1



Table11.3.

Hydrolysisofachymotrypticdigestofheat-denaturedthyroglobulinusingpronase(2l»hr.)followed byleucineaminopeptidase(LAP)orleucineaainopeptidasepluscarboxypeptidaseA(LAP+CPA). Compositionofhydrolysatesasrevealed,byone-dimensionalchromatographyinBA&BDAsolvents. Percentoftotalradioactivityonchroiaatograms
1

Enzymes

r- Origin(BDA)
Iodide(mean)
MIT

PIT

Tk

T3

n~+Iocts

Pronase/LAP

3.k

7.3

3U.0

3k.O

k.9

0.9

81.6

Pronase/(LAP+CPA)
11.0

6.5

3^.7

35.6

7.0

1.1

Qk.9
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Pronase vill not hydrolyse prolyl bonds readily whereas collar¬

enase will split certain glycyl-prolyl linkages (Hagihara, i960).

Sable 11.2. compares the hydrolysis of a chymotryptic digest

of rat C^'l] -thyroglobulin using pronase, or pronase followed

by collagenase. She yield of iodothyronines is unchanged after

collagenase hydrolysis but the iodotyrosines have both decreased.

Peptide material probably accounts for the high iodotyrosine and

iodoamino acid plus iodide percentages in the pronase digest (cf.

section 10.U.2.3.). No improvement in the yield of thyroxine was

obtained so other enzyme combinations were examined.

11.3. Pronase followed by exopeptidases. The same chymotryptic digest

of heat-denatured thyroglobulin as was used in section 11.2. was

hydrolysed using pronase. followed by either leucine aainopeptidase

or leucine aminopeptidaae plus carboxypeptidase A (see section

5.1.9. for experimental details). The results in Table 11,3. show

that the presence of carboxypeptidase A increases hydrolysis of

the ehymotryptic peptides, although the yield of thyroxine is only

half of that found in native thyroglobulin. Chymotryptic peptides

vill contain a large number of aromatic carboxy-terainal amino

acids which should be removed readily by carboxypeptidase A (Neurath,

i960). No improvement in the yield of iodoamino acids wan achieved,

though.

11.h. Hydrolysis using pronase, pepsin and paacreatin. Table 11.4.

shows the results of pronase hydrolysis for 8 or 16 hr. of a chymo¬

tryptic digest of heat-denatured rat [12^l]-thyroglobulin. There

is little difference between the two digests and only about one-half



Table11.4.

HydrolysisofchyiaotrypticpeptidesofL^i]—thyreoglobulinthatwasdenaturedbyheatingat G0°for5aiin.Hydrolysisvitheitherpronasc,orpepsinfollowedbypancreatinorpronase. Compositionofhydrolysates(meanoftwoexperiments). Percentoftotalradioactivityonchroraatograms(BA&BBA).
Snsyat(hr.)

' Origin(EDA)
Iodide(raean)
MIT

PIT

Tb

T3

II~+Iab3

Pronase(0)

13.7

3.0

35.3

36.8

8.6

1.2

8H.9

Pronase(l6)

13.

»».7

38.1

36.1

7.9

0.9

37.7

Pepsin/Pancreatin
6.1

3.1»

36.6

32.7

13.3

2.5

38.5

(2U/2U) Pepsin/Hronase

8.8

3.1

35.6

35.^

1^.6

2.0

90.7

(2U/8)



TableJ1.5.

Hydrolysisofchymotrypticpeptidesfrombeat-denaturedrabbit[^^1]-thyroglobulin.Peptides werefirstdigestedusing(a)(J-glucuronidaseatpH6.0for20hr.,(b)HelicaseatpH6.0for 20hr.,or(c)pepsinatpH1.9for20hr.Thesewerefollowedby2fchr.pronasehydrolysis (pH8.0),plusasourceofthyroidalproteases.CompositionofhydrolysatesonBA&BDA chromatograms. Digestion ^-Glucuronidase/ pronase Helicase/pronase Pepsin/pronaae Pronase

Percentoftotalradioactivityonchromatograas
Origin(BM)Iodide(mean)HITDITTkT3 5.632.337.211.61.3

II♦leas 88.0

3.8

30.0

37.6

12.U

1.7

85.5

k.9

29.3

39.1

12.3

1.3

86.9

5.8

33.7

38.3

10.7

l.k

89.9
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of the thyroxine is released* Peptic hydrolysis (for 2k hr.) followed

by paacre&tin (for 2H hr.) or pronase (for 8 hr.) releases most

of the thyroxin®. Pepsin/pronase hydrolysis is slightly better

than the pepsin/pancreatin combination.

11 *5• Effect of thyroidal proteases added to enzyme hydrolysates.

Ho source of thyroidal proteases was added to any of the hydrolysates

in sections U.l. to 11.U.

A chymotrypfcic digest of heat-denatured rabbit [lc ^Ij -thyro-

globulin was hydrolysed using (a) 8-glucuronidase, (b) Helioase

(section 5.1.8.), or (e) pepsin (section 5.1.U*). Pronase hydrolysis

in the presence of a non-radioactive thyroid homogenate followed,

as was described in section 5.

The results are shown in fable 11.5* Helicase, which has

a wider specificity then 8-glucuronidase, contributes to slightly

better hydrolysis than the latter enzyme. Helicase/pronase and

pepsin/pronase combinations (both plus thyroidal proteases) give

almost identical hydrolysis results, and are both superior to pronase

plus a source of thyroidal proteases*

11.6. Partial acid or alkaline hydrolysis followed by pronase.

A chymotryptic digest of heat-denatured rabbit [12->l] -thyroglobulin

plus carrier iodoamino acids was incubated under nitrogen with

(a) 0.1H-H& at 80° for 7, 18 or 23 hr., (b) 6H-HC1 at 100° for

30 min., or (e) O.lH-NaOH at 80° for 18 hr. (section 5.1.10.).

The neutralised digests (HH^OH or HCl) were evaporated to dryness
and were hydrolysed further using pronase plus a source of thyroidal

proteases *



TableIi.6,

Hydrolysisofacbymotrypticdigestofheat-denaturedrabbitthyroglobulin.Peptideswerefirst digestedusing(a)0.1N-HC1at80°for7>18or23hr.,(b)6N-HC1at100°for30min.or(c) O.lN-NaOHat80°for18hr.Furtherhydrolysiswascarriedoutusingpronaseplusasourceof thyroidalproteases.CompositionofhydrolysatesonBA&BDAchromatograms. Percentoftotalradioactivityonchromatograms
Digest 0.1N-HC1,80°/ pronase 0.1n-hc1,80°/ pronase 0.1h-hc1,80°/ pronase 6h-hci,ioo°/ pronase 0.1N-Na0H,80°/ pronase

Time(hr.)OriginIodide(mean) 7-8.0
18 23 18

10.2 20.9 15.4 20.2

MITPITOftT3ZI~+Iaa's 34.632.39-00.384.2 37.820.07.10.976.0 46.714.57.10.389.5 21.035.69.10.481.5 24.520.85.01.271.1



Table11.7.

Effectofsolventsonchyaotrypticiodopeptidesfromheat-denaturedrabbit]-thyroglobulin. Controlvasevaporatedtodryness.Otherswereevaporatedtodrynessafterdissolvingin: ABFW-1.CM-IIH^HCO^-pyridine-vater(1:1:10.byvol.);PAW-pyridine-aceticacid-water (25:l:Vf5>byvol.)pH6.5;BA-butanol-211-aceticacid.HydrolysisusingHelicase(pH6.0, 20hr.)followedbypronase(pH8.0,2Hhr.)plusasourceofthyroidalproteases.Composition ofhydrolysatesonBA&BDAchroaatograms. Percentoftotalradioactivityonchromatograms
i——Ai-—i

Treatment

Origin(BDA)

Iodide(mean)

MIT

PIT

T3-

EI%Iocu3

Control

-

5.2

32.fc

32.7

15.9

1.5

S7.7

ABPW

-

fc.5

33.3

36.1

13.2

1.2

88.3

PAW/BA

-

k.6

30.0

37.9

13.1

l.k

87.0

ABPtf/PAW/BA

—

H.8

30.2

33.9

13.8

1.5

Bk.2
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Table 11.6. shows that deiodination was excessiva in all

but the 0.1N-HC1 digest at 80° for T hr., and only about half of

the thyroxine remained in each of the digests.

11.7* Effect of solvents on iodoanino acid composition. Chymotryptic

iodopeptides from heat-denatured rabbit -thyroglobulin were

treated with certain solvents used in thia work to ensure that

artifacts were not introduced. The control chymotryptic peptide

solution was rotary vacuum evaporated to dryness at ^5° before

hydrolysis with Helicaae followed by pronase plus a source of thyroidal

proteases. Other samples of chymotryptie peptides were rotary

evaporated to dryness: one of the solvents was added and evapora¬

tion was repeated. Successive solvents were added, then evaporated,

sad finally Halic&se/pronaae digestion was performed.

Hydrolysis results in Table 11.T* show that no deiodination

had occurred and iodoamino acid plus iodide yields vere about $5%

in all cases. Slightly lower yields of thyroxine were obtained

after solvent-treatment, which might have been due to adsorption

of thyroxine-peptides on the glass tube during successive evapora¬

tions (Lissitzky et al. I960). The solvents used had little effect

on chymotryptie iodopeptides, but evaporation was carried out in

vacuo. The chromatograms and peptide maps were dried in air at

kO°t however, which might result in some deiodination (Taurog, 1963).

DISC0SS10M

Pronase hydrolysis of a chymotryptic digest of heat-denatured

thyroglobulin, followed by collagenase, leucine aminopeptidase
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or carbaxypeptidaae A did not improve iocloamino acid yields. Essentially

complete hydrolysis of proteins was obtained by Hill k Schmidt

(1952) using papain followed by treatment with leucine Emiaopeptidase

and prolidase, but they note that proteins differ in their suscep¬

tibility to complete proteolysis. They found that cystinyl peptides

were relatively resistant to enzyraic hydrolysis.

Incomplete proteolysis of ehymotryptic peptides might be

due to carbohydrate units preventing access of enzymes to suscep¬

tible bonds (Cheftel at al. 1964» Murfchy at hi. 1965). Smyth

k Utsumi (1967) observed a similar effect with iiamunoglobulin-

G. They also found a peptide fraction from the same region in

the molecule which was not cleaved further by five different

enzymes, although the peptide fraction contained susceptible bonds.

Chymotryptie peptides from thyroglobulin show a similar resistance

to further proteolytic attack. In addition, prolyl, aspartyl and

cystinyl bonds and carbohydrate residues probably render complete

proteolysis of thyroglobulin peptides more difficult (section 10.U.,

Discussion}*

An increase in the weight ratio of pronase or pepsin to peptide

material resulted in more complete iodoamino acid release, but

the large amount of protein present affected chromatographic separa¬

tions unless the enzyme was removed first. Partial acid or alkaline

hydrolysis caused excessive deiocdnation.

In contrast to the results in Tables 10.9* k 10.13. (hydrolysis

of heat-denatured thyroglobulin), pepsin followed by pronase was

superior to pronase alone in releasing iodoamino acids from a chymo-

tryptic digest of heat-denatured thyreoglobulin. The best condi ¬

tions for hydrolysis of chymotryptic peptides were found to be



«in •

•ithar papain or Balieaaa foilovad lay proamaa plot m aourea of

thyroidal prota&aas.



Fig. 12.1

A pH 6.5 electropherogram of chymotryptic peptides from heat-

denatured rabbit -thyroglobulin was divided into 5 cm.-wide

segments for elution and hydrolysis* Peptides were labelled as

shown: 0, origin; N, neutral; C, positively charged; A, negatively

charged. Also shown are radioactivity in each segment as a percentage

of the total on the paper, and the percent of radioactivity eluted.

25 cn. ©

57 cm.

A4 A3 A2 A1

5 ?
42.5 cm,

0

■ i,

• 2.5

r¥

Cl C2

em. 1 cs.

5 cm.

C3 ©

Iodopeptide
fraction: Ah A3 A2 A1 0 If Cl C2 C3

Percent of total
radioactivity on
the paper: 0.2 1.6 11.2 20,0 H9.1 15.9 1.1 0.02 0

Percent of radio¬
activity eluted; - - 99.2 98.7 95.2 97.3 - - -



'iabie12*14 —'nini\

Iodoaminoacidcompositionof&chymotrypticdigestofheat-denaturedrabbit[^^i]-thyroglobulin separatedbyelectrophoresisatpH6.5.Fractionswereelutedfromthepaperandwerehydrolysed usingpepsinfollowedbypronaseplusasourceofthyroidalproteases.Iodoaminoacidswere resolvedbychromatographyinBA&BDAsolvents.Resultsareexpressedasapercentageofthe originalradioactivitypresentontheelectropherograxa. PercentofORIGINALradioactivityonelectropherogram
Radioactivity

FractionHo.inFractionIodide(mean)MITPITTU73EI~+Iaas A211.20.882.95.*»--9.2 A120.81.75.89.20.810.3317.8 0H9.15.915.015.0H.20.3*1
N15.90.729.03.8;0.330.0313.9 Totals:97.09.232.J733.5.3*t0.708l.3
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12. SEPARATION OF CHYMQTRIPTIC IODOPEPTIDES OF HEAT-DENATURED THYBOGLOBULIS.

12.1. Electrophoratic separation«

Babbit ["^l] -tbyroglobulin was denatured at 80° for 5 tain.

and vas hydrolysed for 8 hr. 'using chysotrypsin. A strip of Whatman

Bo. 3MM paper (35 x 5T cm.) was wetted with pyridiae-aoetic acid-

water buffer, pE 6,5, and the chymotrypfcic digest (l6.6 rag. in

1.0 ml.) was applied to the origin as a 20 cm. streak (section
at 35v/cm.

7.2.1.). Electrophoresis was carried out at pli 6.5 for 3 hrStrips

(5 era.-wide) on either aide of the origin were cut off and discarded.

The electrcpherogram was divided into 5 cm.-wide segments and numbered

as shown in Pig. 12.1.

12.1.1. Total hydrolysis of electrophoretic iodopeptide fractions.

Thyroglobulin contains more than 13% of its radioactivity in thyroxine

so the low radioactivities in segments A'*, A3, CI and C2 were not

examined. Segments A2, Al, 0 and N were elated and concentrated

as described in section 7.2.2. The peptides were hydrolysed 'using

pepsin followed by prona3e plus a source of thyroidal proteases

(methimasole was used instead of thiouracil in these incubations).

Iodoamino acid compositions of eluted peptide fractions are

shown in Table 12.1. where results ore expressed as percentages

of the total radioactivity on the electropherogram. Ho BDA origin

material was present on these chroiaatograma, and fraction A2 did

not appear to contain any iodothyrouines. Iodide percentages on

chroraatograras of digests of fractions 0, Al and A2 were higher

than normal (12, 8 and Q%, respectively). Fractions Al and A2



Table2.2.

Effectofelutionfromchromatographypaperontheiodoaminoacidcompositionofachymotryptic digestofheat-denaturedrat[12^I]-thyroglobulin.Asampleofpeptideswasspottedonto WhatmanHo.3MMpaper,dried,andthenelutedandhydrolysedusingpronaseplusasourceof thyroidalproteases.Comparisonwithanuntreatedchymotrypticdigest. Percentoftotalradioactivityonthechromatograms
t■1"A,.'~

SampleOrigin(BDA)Iodide(mean)MITPITTUT3Il+Iaag UntreatedU.86.935.130.310.81.581».6 Eluted3.56.136.637.19.60.880.2
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are relatively richer in diiodotyrosine than raonoiodotyrosine whereas

the opposite is true for fraction N.

Thyroxine is present mainly in the origin fraction (0)s hut

only one-quarter of the total thyroxine of thyroglohulin is accounted

for (cf. Tables 11.1. 6 11.5.)• The sum of thyroxin® present in

these fractions is less than one-third of that present in thyro-

globulin. This might be due to incomplete proteolysis: comparison

of radioactivity in each fraction with radioactivity accounted

for as iodoamino aside plus iodide shows that between l/5th and

l/8th of the radioactivity is unaccounted for in unhydrolysed material.

Incomplete enzymic hydrolysis might therefore be the cause of the

low thyroxine yield, especially as the sua of each iodotyrosinc

in the four fractions (about 33$ of each) is close to the value

found after hydrolysis of uafractionated iodopepti&es {cf, Tables

11.5. 4 11.7*)*

In & control experiment, a solution of chyaxiiryptic peptides

from rat ["^i]-thyroglobulin was applied to Whatman to. 3MM paper

as a spot, and dried. The peptides were eluted and then hydrolysed

using pronase plus a non-radioactive thyroid homogen&te. hydrolysis

results are colored before and after elution in Table 12.2. Thyroxine

yields are low (cf. Table 10.10.): iodotyrosine yields after elution

are high and probably reflect incomplete hydrolysis, however, drying

of the iodopeptide solution on paper followed by elution does not

result either in loss of thyroxine or an increase in iodide compared

with the original untreated preparation.

Electrophoretic separation of these (rat) cbymotryptic iodo-

peptides and hydrolysis of fractions as described above, but using
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Fig. 12,2, Feotide map autoradiogram oi a chymotryptic digest

of a [usl]-labelled rat thyroid homogenate which had been

denatured by heating at 80* for 5 rain, (preparation A).

Electrophoresis at pH 6.5 for 3 hr. was followed by

BA chromatography. Symbols as in Fig. 9.1.



/Hi

sr

i

Flfc. 12.3. Peptide map autoradiogram of a chymotryptic digest

of heat-denatured crude rat [Mll]-thyroglobulm (pre¬

paration B). Electrophoresis at pH 6.5 for 3 hr. was

followed by BA chromatography. Symbols as in Fig. 9.1.
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12.2.1, Peptide mapping of chymotryptic iodopeptides.

Rat thyroid iodoprotein was prepared in three separate experi¬

ments as follows:

A. Thyroids from four iodine-deficient rats» pulse-labelled in

vivo with iodine-125 for 2k hr.» were homogenised at 0° in distilled

water. The protein was heat-denatured (section 10.k*) and then

dialysed (section ^.4.1,).

B. Crude tbyroglobulin was prepared by centra, fugat ion of a

labelled homogenate of two rat thyroids as described in section

4.U.I. The preparation was dialysed and then heat-denatured as

in A.

prepared from six rat thyroids as described in B,

Chymotryptic hydrolysis of each preparation was carried out

for 8 hr. at pli 8.0 (section 6.1.). Chymotryptic peptides were

iodopeptide mapped (electrophoresis at pH 6.5i M chromatography):

three maps of preparation A, two of B, arid six of C were prepared.

Recognisable spots on autoradiograms were numbered arbitrarily,

and superimposible spots on different iodopeptide maps were given

the same number. Spots were cut out, counted, and radioactivity

was expressed as a percentage of the total on the paper.

Figs. 12.2., 12.3. and 10.4. show chymotryptic iodopeptida

patterns from preparations A, B and C, respectively. Differences

in both autoradiogram exposure times and specific activities of

the three iodoprotein preparations result in absence of some less

intense spots, but the more intense spots are readily superimposible.

The iodopeptide patterns are different from Fig. 9.1.(b) where

C. High specific activity



Table 12.3.

Mean radioactivity present in selected spots on peptide naps of

chymotryptie iodopeptides of heat-denatured thyroid iodoprotein,

compared with total radioactivity on the paper. Preparations:

A - thyroid homogenate, B & C - crude thyroglobulin (see text for

details), n - number of peptide maps counted.

Spot

01
02
03
0U

Ala
Alb
Ale
Aid

A3
Ak
A6
A7
A8
A9
A10
All
A23
A2k

HI
H5
NT
N8
N9

C3
C6
C9

(n ■ 3) (n - 2) (a * 6)

33.1 22.3 10.6
1.5 0.9 1.2
3.5 2.0 3.0
o.U - 1.0

7.3 6.6 8.1
6.6 3.8 5«U

; >».8 J 3.7
2.5
2,0

0.5 2.8 0.7
5.U 0.9 3.1
1.7 1.2 7.0
1.6 2.5 1.5
3.8 3.1 5.1
1.1 3.3 U.2
0.7 5.6 5.8
0.U 0.7 2.0
0.1 1.5 1.7
l.U 2.1 0.7

1.3 2.3 0.5
0.2 O.U 0.8
1.2 ) rt j! 0.7
0.7 0.5
1.5 1.1 6.2

1.2 1.3 1.1
0.3 2.1 l.U
0.5 O.U 0.6



Fig. 12.4. Peptide map autoradiogram of a chymotryptic digest

of heat-denatured crude rabbit [***l] -thyroglobulin,

prepared as described in Fig. 12.3.
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a chymotryptic digest of an undenatured thyroid homogen&te was mapped.

Thyroidal proteolytic enzymes presumably augmented cliymotryptic

hydrolysis in the latter case.

The mean percentages of radioactivity in some of the more

intense spots in Tigs* 12.2*, 12.3. and 10.4. are shown in Table

12.3. Remove! of thyroid particulate cell-fractions from preparations

B and C accounts for the smaller amounts of origin material (01)

than in preparation A. The chymotryptic digest of preparation B

was applied to the dry peptide map origin, while preparation C was

applied to buffer pre-wetted paper (section 7.2.2.(a) & (c), respectively).

This would also account for the differences in radioactivity present

in superiiaposibla spots on the three sets of iodopeptide maps. Variation

between percentages of radioactivity in identical spots on iodo-

peptide naps of the same preparation were quite snail («*2$). It

is noteworthy that no one spot contains a percentage of radioactivity

high enough to account for the 15# of thyroxine-iodine in thyroglobulin.
|

A, peptide map autoradiogram of a chymotryptic digest of heat-

denatured rabbit [125l] -labelled crude thyroglobulin is shown in

Fig. 12.4. A few of the spots correspond to those of the rat iodo-

peptidea in Figs* 12.2., 12.3* and 10.4., but the patterns are not

identical. Comparison of the amino acid composition of rat and

rabbit thyroglobulins (Holland et 41. 1966) reveals several differences.

Rabbit thyroglobulin contains more proline, glycine, alanine and

arginiae, and less lysine, isoleucine, aspartic and glutamic acids

than rat thyroglobulin (see Table 1.1.). The latter protein contains

338 phenylalany1 plus tyroayl residues, while rabbit thyroglobulia

contains 364. It is hardly surprising that the two iodopeptide



Fig. 12,51, Peptide map autoradiogr&m of & chymotryptic

followed by Helicase digeat of heat-denatured rabbit

W -thyroglobulin, prepared as described in Fig. 12.3



Table 12.4.

Radioactivity present in spots on a peptide nap of iodo-

peptides from heat-denatured rabbit [^^1 ] -thyroglobulin

which had been hydrolysed using chymotrypsin followed by

Helicase. See Fig. 12.5, Expressed as percent of total

radioactivity on the map.

Spot Percent Spot Perci

01 18.3 au 3,h

Ola 5.9 A5 3,6

02 1.8 a6 1.8

03 1.2 at 1.1

Oh 1.3 111 1.0

05 1.5 H2 0.8

06 11.9 S3 0.u

or 0.9 Uh 0.3

A1 8.1 n5 0.8

A2 11.5 36 16.1

a3 2.1 01 0.2



129 -

patterns are not identical. Results of fractionation of rabbit

thyroglobulin will be presented later (see section 12.3*).

12.2.2. Peptide mapping of tryptic or Hellease digests of ehymotryptic

iodopeptidea.

Trypsin. An iodopeptide map of a chyraotryptic (8 hr.) then tryptic

(4 hr.) digest of heat-denatured rat ["^i]-thyro&lobulin (prepara¬

tion C) was shown in Fig. 10.o. iileetrophorasia at pH 6.5. was

performed for only 2 hr. instead of the usual 3 hr. An increase

in intensity of the two spots with Rf values similar to the two

iodotyrosines is observed, compared with Fig. 10.4. As might be

expected, the positively charged peptides (fC* spots) almost disappear

after tryptic digestion of chymtryptie iodopeptides (cf. Figs.

10.6. & 10.4.). A marked decrease in origin material and neutral

iodopeptides is accompanied by an increase in intensity of some

of the negatively charged iodopeptidea.

Helicaae. A chymotryptic digest of heat-denatured rabbit ["^l] -

thyroglobulin was incuoated with Helicase at pB 6.0 for 24 hr. The

digest was peptide mapped by electrophoresis at pH 6.5 for 3 hr.,

followed by BA chromatography (Fig. 12.5.). Most of the 'C« and

•li* iodopeptides have decreased in intensity, while the 'A* iodo¬

peptides have formed streakt rather than discrete spots (streaking
k

might be due to overloading of the paper with protein). Origin

(01) and iodotyrosine (s6 & 06) spots account for 48# of the total

radioactivity on the map; iooia 12.4. shows the percentages of

radioactivity present in other iodopeptides on the map.

Meither of the iodopeptid© imps in Figs. 10.6 or 12.5• give

as satisfactory iodopeptide patterns as the chymotryptic digest

shown in Fig. 10*4.



Tablei2.5.

Iodoaoinoacidcompositionofselectedspotsfromthreepeptidemapsofachymotrypticdigest ofaheat-denatured["^1]-labelledratthyroidhomogenate(preparationA).Hydrolysisusing tfeddalpancreatin.ResultsofBA&BDAchromatogramsexpressedaspercentoforiginalradioactivity oftbyroglobulin.

PercentofORIGINALtbyroglobalinradioactivity
Spot

P.M.r/a

Origin(BDA)
Iodide

MIT

DIT

Tl*

T3

n~+Iaas

01

33.1

7.0

3.6

7.H

6.7

2.2

0.19

20.1

03

3.5

0.1*5

0.1*9

0.1*1*

0.1*5

0.82

0.11

2.3

Ala

T.3

1.9

0.59

1.5

1.6

0.35

0.13

i*.2

Alb

e.e

1.8

0.61

1.3

1.3

0.66

0.05

3.9

Alc+Ald

h.8

1.9

0.58

2

.0+

0.05

0.02

2.7

AU

1.5

0.1*0

1.3

1.0

0.1*3

O.ll*

U.l

A6

1.7

O.ll*

0.10

0.28

0.98

0.02

0.01

1.1*

AT

1.6

0.06

0.17

0.71

0.15

O.ll*

0.03

1.2

AOa

1.5

0.05

O.Ut

0.30

0.22

0.07

0.01

1.2

A8b

2.3

-

0.07

1.3

0.6l

0.03

-

2.0

37

1.2

0.03

0.31

0.57

0.13

0.01

1.1

NO

0.69

0.02

0.31

0.16

-

-

0.5

N9

1.5

O.OU

0.03

1.2

0.08

0.02

0.01

1.3

C9

0.51

0.02

0.03

0.35

0.01

_

—

0.1*

Totals:

71.7

15.7

£.9

lfl.2

15.6""

1*.9

0.71

1*6.1*

•Percentofradioactivityineachspotcomparedvithradioactivityonthepeptidemap. "^IncompleteseparationofiodotyrosinesonBAsoBDA-iodotyrosinepeakisgiven.



Table12.6.

Iodoaminoacidcompositionofselectedspotsfromtwoiodopeptidemapsofachyaotrypticdigest ofheat-denaturedrat[^"^T]-thyroglobulin(preparation£),hydrolysisusingWeddelpancreatin. ResultsofBA&BDAchromatograms,expressedaspercentoforiginalradioactivityofthyroglobulin. PercentofOPJGIilALradioactivityofthyroglobulin
/———■*-——■—i

Spot

P.M.r/a#

Origin(BDA?
Iodide

MIT

PIT

TfcT3

EI">Iaos

A7

2.5

0.l6

0.10

1.6

0.16

0.050.02

1.9

A8

3.1

0.22

0.12

2.3

0.12

_

2.5

A10

5-6

l.T

0.33

l.k

1.9

-

3.6

A2k

2.1

0.23

0.08

0.6i

0.77

0.23*

1.7

C8

2.1

0.09

0.03

l.k

-

-

l.k

Totals:

15.&

z.k

0.66

7.3

3.0

0.280.02

11.1

Percentofradioactivityineachspotcomparedwithradioactivityonthepeptidemap.
*SoiodothyronineswerepresentontheBDAchromatogram,butthismaterialwaspresentatthe BAsolventfront.



Table12.7.

lodoaminoacidcompositionofselectedspotsfromsixiodopeptidemapsofachymotrypticdigestof heat-denaturedrat["^I]-thyreoglobulin(preparationC).Hydrolysisusingpepsinfollowedby proaaseplusasourceofthyroidalproteases.ResultsofBA&BDAchroraatograms,expressedas percentoforiginalradioactivityofthyroglobulin. PercentofORIGINALradioactivityofthyroglobulin
Spot

P.M.r/a*

Origin(BDA)
Iodide

HIT

PIT

Tk

T3

ZI~+Iaos

01

10.6

0.81

0.66

3.0

3.9

0.23

0.05

7.8

02

1.2

0.02

o.u

0.1k

0.67

0.07

0.01

1.0

03

3.0

0.05

0.18

0.15

1.8

0.18

0.05

2«k

ofc

1.0

0.03

0.12

0.07

0.23

0.03

0.02

0.52

Ala

8.1

0.22

O.kl

2.9

3.3

0.25

0.05

6.9

Alb

5.k

0.1k

0.2k

2.1

2.2

0.07

-

k.6

Ale

2.5

0.07

O.U

0.36

1.1

0.02

-

2.1

Aid

2.0

0.03

0.07

0.75

0.89

-

-

1.7

Totals:

33.8

l.k

1.9

10.0

lk.l

0.90

0.18

27.0

*Percentofradioactivityineachspotcomparedwithradioactivityonthepeptidemap.
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12.2*3. Total enssymio hydrolysis of isolated io&opegtidas.i mm 1^1 . ii II »■ ^.l.l ii — .»KHill .. IM"> .h' 'i.i in i.i iii i—» -—««■

Selected spots from the three iodopeptide mam of a chymotryptic

digest Of preparation A (section 12.2.1.) were ©luted and hy&rolyaed

using Weddel panereatin. The iodosxaino acid composition of these

spots is shown in Table 12.5., expressed as a percentage of the

original radioactivity of thyroglobulin. Ho one peptide examined

appears to he rich in thyroxine, except perhaps 01, and less than

one-third of the thyroxine content of thyroglobulin is accounted

for in all these spots. Hydrolysis is incomplete in most cases,

as is shown by low yields of iodoamino acids plus iodide compared

with the original radioactivity of each spot, and BDA-origin material.

Spot JS9 is mainly monoiodotyrosine.

Weddel pancreatia hydrolysis of chymotryptie iodopeptides

from preparation B was carried out as above, and the results appear

in Table 12.6. Little or no thyroxine was present in any of the

peptides examined, hut once more hydrolysis was incomplete.

Preparation C ehymotryptic iodopeptides were hydrolyaed using

pepsin followed by pronase plus a source of thyroidal proteases.

The results in Table 12.7* are expressed as a percentage of the

original radioactivity of thyroglobulin. hydrolysis is still incomplete,

but it is better than panereatin hydrolysis in Tables 12*5. and

12.6. Total thyroxine content of the eight spots is less than 1%

of the radioactivity of thyroglobulin. 01 in preparation C contains

one-tenth of the thyroxine present in the same spot in preparation

A, probably because the latter cfcymotryptic digest was applied to

the paper and dried before mapping. The digest of preparation C

was applied to wet paper which decreases adsorption of thyroxine-

peptides on cellulose (Bobbins & Rail, 19^7)• This might also



Table 12.9.

Molar ratio of monoiodotyrosine to diiodotyrosine in hydrolysed

iodopeptides from peptide maps of ehymotryptic digests of heat-

denatured rat thyroglobulin preparations A, B and C (see text

for explanation).

Preparation A Preparation B Preparation C

01 2:1 01 3:2

02 2:5

03 3:2 03 1:10

04 2:3

Ala 2:1 Ala 5:9

Alb 2:1 Alb 2:1

Ale 3:2

Aid 5:3

Ah 3:2 A4a 20:1

A4b 37:1

A6 1:2

A7 19:2

A8a 7:1

A8h 4:1

A10 3:2

A22 3:2

N7 1:1

N8 4:1

19 30:1

C3 MIT

C9 51:1
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be the reason for variations between iodoaEano acid contents of

spots 01, 03, Ala and AH from the three different rat thyroglobulin

preparations.

■DISCUSSION

Reproducible iodopeptide maps of chymotryptie digests of heat-

denatured rat thyroglobulin were prepared. These results confirm

that in vivo iodination of thyroglobulin is a specific and not a

random process, otherwise iodopeptide maps would not be reproduc¬

ible and would contain a larger number of iodopeptides than have

actually been found. This is in agreement with the conclusion reached

by ran Zyl & Edelnoch (1967) during studies on in vitro iodination

of thyroglobulin. Iodopeptide maps of rat and rabbit thyroglobulin

were not identical and this reflects differences in amino acid composition

of the two proteins (Holland at aJL. 1966).

Origin and positively charged peptides on chysnotryptie iodo¬

peptide maps were shown to contain arginyl or lysyl residues by

peptide stepping of chyiaotryptic/tryptic digests. The Helicase enzyme

preparation appears to contain peptidase as well as polysaccharidease

activity; the peptide map of a chymotryptie/Heliease digest does

not produce an improved iodopeptide pattern.

Hydrolysis of isolated ehymotryptie iodopeptides was incomplete

so calculation of the molar ratio of mono- to rli-iodotyrosine in

each spot is not really justified, even if Isotope-equilibrium is

assumed (Pitt-Rivero, 1962; Simon, l?6t). Bearing these points

in mind, the iodotyrosine molar ratios arc shown in Table 12.8.

Peptides Ata, AVb, A7» H9, C3 and C9 contain mainly moaoiodotyrosine
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while 02, 03, Ok and Ala (prep. C) are relatively richer in diiodo-

tyrosina. A number of iodopeptides contain approximately equal

amounts of the two iodotyrosines. Either (a) chysaotrypsin does

not split all the peptide bonds adjacent to iodotyrosyl residues,

or (b) a monoiodotyrosyl and a diiodotyrosyl peptide overlap each

other on the map. As electrophoresis at pil 6.5 and BA chromatography

both separate free iodotyrosines (essentially by virtue of differences

between the pK's of the phenolic hydroxyl groups), it is reasonable

to suppose that mono- and di-iodotyrosyl peptides will also be separated

by peptide mapping. On this basis most of the iodopeptides contain

more than one iodotyrosyl residue.

Chyaotryptie iodopeptides with low radioactivity on the map

could arise as described in section 9.(Discussion). Attempts to

identify a single peptide which contained a substantial portion

of the thyroxine originally present in thyroglobulin ware unsuccessful,

presumably because of incomplete hydrolysis. A number of peptides

contained small amounts of thyroxine, either due to chymotryptic

hydrolysis at several different bonds in the same thyroglobulin

peptide (Smyth & Ufesumi, 1967), or because thyroxine does not occupy

a unique position in the thyroglobulin molecule.

Other methods of fractionation of chymotryptic iodopeptidas

were therefore examined in order to obtain a more rapid method of

bulk purification of a peptide fraction rich in thyroxine.

•j



y*g- i2-6- Elution profile of a chymotryptic digest of heatr

denatured rat [lx*l] - thyroglobui i a (about 0. 2 mg.)

fractionated on 'Sephadex G-751 (3, 0 x 49 cm, column).

Solvent: pyridine-1, OM-NH^HCOj-water (1:1:10, by vol.).

Flow rate: 17.4 ml./hr. Fractions indicated were

pooled and concentrated.



12.7. Elution profile of peak r), the iodopeptide fraction

sihown in Fig. 12.6., fractionated on 'Sephadex G-501

(2. 7x54 cm. column). Solvent: pyridine-1. OM-NH4

HCCj-water (1:1:10. by vol.). Flow rate: 39.6 ml./hr.

Fractions indicated were pooled and concentrated.



Table32.9.

Approximatemolecularweightofchymotrypticiodopeptidesfromratthyroglobulinestimatedbygel filtrationon'SephadexG-75'and'0-50*inpyridine-lH^HCOj-watersolvent(Figs.12.6.&12.7*)• SeeFig.7-8.for'Sephadex'calibrationgraphs. 'SephadexG-75*'SephadexG-50'
Peak

%ofTg

FractionNo.
M.vt.(xl0~3)

Peak%ofTg
FractionHo.
M.wt.(xlO

a

k.l

50.5

U3

naUO.O

9k

11

e

1.2

6o

28

116

2.8

Y

5.1

6k -79.5

26-21

120

2.2

5

2.0

86

19

122

1.95

c

11.2

112

13

128

1.35

C

1^.5

116.5-129

12-10

132

1.05

n

61.3

158-170

(6.5-U.5)

139

0.68

nb21.k

152

0.31

1550.26
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12.3. Fractionation of cimaotr/ptic iodopeptidas by gel filtration.■ I. I Jiw, ...M .fcl.Jfll afca 11IW Kill I—II Ml .1. ■> »H| >Wl l — » ■ II.I. ■» 4llil«|W m'a.li I H I.H»|||. ■ I I .Willi..

A chymotryptic digest of heat-denatured rat ["^i] -tuyro-

globulin (preparation C in section 12.2.1.) was fractionated cm

a column of 'Saphadex 0-75* in pyridiae-1.OM-HH^HCO^-water (1:1:10,
by vol.) solvent. Radioactivity in the 2 ml. fractions was assayed

(section 7.3.) and Fig 12.6. shows the elution profile obtained.

The percentage of total radioactivity in each fraction is shown

in Table 12.9* Fractions comprising peak n were pooled and concen¬

trated, and the iodopeptides were further fractionated on 'Sephadex

0-50* (Fig. 12.7.).

The gel columns had been calibrated with proteins of known

molecular weight (Fig. 7*3.) and approximate molecular weights

of the iodopeptide fractions in Tabic 12.9* were read from the

graph. B© allowance was made either for adsorption of aromatic

residues on the gel or non-ideal behaviour of extended-chain poly-
*

peptides on the column. Several of the peaks were heterogeneous

and so ranges of molecular weight are given. In the case of the

large peaks na and nb, molecular weights corresponding to the elution

volume (Ve) of parts of the peaks are shown. The Ve of peak n

fell on the least satisfactory part of the 'Sephadex G-75* calibration

curve and so the molecular weight estimate is bracketed in Table

12.9.

Moaoiodotyroaiue (mol. vt. 307) is retarded and has a Ve

greater than iodide on *Sephadex G-25' (Fig. 7.7.)» so it is likely

that peak nb is a retarded iodopsptide fraction and not a free

iodoamino acid. Its molecular weight ie probably higher than the

results suggest.



12.8. Elution profile of a chymotryptic digest of heat-

denatured rabbit [i,5l]-thyroglobulin fractionated on

'Sephadex G-50* (2.7 x 54 cm. column). Protein applied:

3 ml. of a 1.0% (w/v) soln. Solvent: pyridine-1. GM-

NH4HGOj-water ( 1:1:10, by vol.). Flow rate: 18 ml./hr.

Fractions indicated were pooled and concentrated.



Table 12.10.

Approximate molecular weight of chynotryptic iodopeptidea from

rabbit thyroglobulin estimated by gel filtration on ♦Sephadex (1-50'

in pyridine-SE^HCO~-water solvent (Fig. 12.8.). Gee Fig. 7-8»
for 'Sephadex' calibration graph.

Peak Fraction Jfo, M, vt. (x 1Q~3)

a 56.5 100

S 63-79 '(U - 27

Y 90 15

5 96.5 9.2

e 100 - 106.5 7.b - 5.0

t 110 - 117 H.O - 2.6

na 122 1.9

126 1.5

132 1.1

13b 0.9

137 0.8
lfcO 0.6

rjb 148 0.4

152 0.3

161.5 0,2

168

8 182

1 200



Table12.1t..

Iodoaaiaoacidcompositionofiodopepti&efractions.Achyraotrypticdigestofheat-denaturedrat [12^I]-thyroglobulinwa3fractionatedon'Sephadex0-75*and'0-50'columns(Figs.12.6.&12.7-)• Pooledfractionswereconcentratedandhydrolysedusingpronasefor2khr.ResultsfromBAandBDA chromatograsisareexpressedaspercentagesoftheoriginalradioactivityofthyroglobulin. PercentofORIGINALradioactivityofthyroglobulin
Peak

%inpeak

Origin(_BDA)

Iodide

MIT

PIT

Tk

T3

IT'+Itmp

a

U.l

0.32

0.77

0.38

0.90

0.21

0.0U

2.3

3

1.2

o.c>9

0.15

0.22

0.21

0.08

0.06

0.72

Y

5.1

0.22

0.93

1.1

1.1

0.09

0.0k

3.3

6

2.0

0.05

1.0

0.31

0.13

0.03

0.01

1.5

e

11.2

0.22

2.1

2.6

3.6

0.26

-

8.6

1H.5

-

1.6

k.3

k.o

0.30

0.09

10.3

9a

ko.o

1.3

0.5k

11.9

3.9

1.1

0.32

22.8

Ob

21.k

-

0.30

0.2h

1.9

■ -

-

2.k

Totals:

99.5

2.7

7.*t

21.6

20.7

2.1

0.56

52.it



Table]2.12.

Iodoaminoacideoarpositionofiodopeptidefractions.Achyootrypticdigestofheat-denatured rabbit["^I]-thyroglobulinwasfractionatedon'SephadexG-50'(Fig.12.8.).Pooledfractions wereconcentratedandhydrolysedusingpepsinfollowedbypronaseplusasourceofthyroidal proteases.ResultsfromBAand3DAchromatogransareexpressedaspercentagesoftheoriginal radioactivityofthyroglobulin.
PercentofORIGINALradioactivityofthyroglobulin

Peak

%inpeak

Iodide

HIT

DIT

Tk

T3

EI~-«aas

a

2.6

0.U3

O.kl

0.52

0.29

0.0U

1.7

S

2.3

0.11

0.35

0.58

0.27

0.12

l.U

Y

k.k

0.18

1.7

0.90

0.25

0.03

3.1

6

1.5

0.11

0.2lt

0.23

0.05

0.17

0.80

c

5.6

0.25

1.6

2.1

0.20

0.08

k.2

C

5.fc

0.26

1.3

1.7

0.28

0.12

3.7

9a

33.2

1.5

3.8

16.2

2.2

0.92

29.6

*3b

39.7

k.6

11.U

9.1

7.9

1.2

3fc.2

e

0.28

2.9

0.50

0.07

0.03

3.8

Totals:

O.67 100.1*

0.03?jr

0.05 20*

0.23 32.1

0.03 H-5

0.0U 2.8

0.38 82.9
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Fig. 12.8, shows the elution profile of a chyiaotryptie digest

of heat-denatured rabbit -thyroglobulin fractionated on 'Sephadex

G-50*. The same elution profiles were obtained when 1 lug. or 30

mg. of peptide material was fractionated on this column. Approx¬

imate molecular weights of the fractions are shown in Table 12.10.

Peaks were given the same letters as the rat cbymotryptie iodo-

peptide fractions but this does not imply that the two prepara¬

tions were identical.

12.3.1. Total enzyaic hydrolysis of cfaysaotryptic iodopeptide fractions.

Rat thyroglobulin. Results of pronase hydrolysis of chyraotryptic

iodopeptide fractions (Figs. 12.6. & 12.7.) are shown in Table

12.11. (This digestion was performed before the superiority of

the pepsin/promise combination was demonstrated). The amount of

iodide present is high and radioactivity accounted for as iodo-

amino acids plus iodide is low, especially in the digest of peak

nb where only one-tenth of the iodopeptide is hydrolysed to free

iodoamino acids and iodide*

Difficulty experienced in hydrolysing peak nb and its position

of elution from 'Sephadex 5-50' suggest that this fraction might

be rich in thyroxine. Peak na contains some thyroxine.

Rabbit thyroglouulin. Pepsin followed by pronase plus a source

of thyroidal proteases gave better results when iodopeptide fractions

shown in Fig. 12.8. were hydrolysed (Table 12.12.). Peak nb is

rich in thyroxine, although na also contains some, and the total

radioactivity accounted for in each of the iodoaraino acids, summed

for each fraction, is close to the usual- values found in a total

enzynic digest (cf. Tables 11.5 & 11*7*). Peak 0 is mainly mono-

iodotyrosine, and na and nb contain a major portion of the iodotyrosines*



Fig.12.9,Peptidemapautoradiogramsofgel-filtrationfractionsofachymotryptiedigestofheat-denaturedrabbit[ll5lJ-thyroglobulin.Thedigestwasfractionatedon'Sephadex G-5o'(Fig.12.8.),andconditionsofpeptidemappingaredescribedinFig.12.2.
(a)Fractiona(b)Fractiony(c)Fractione (d)Fraction?(e)Fractionna(f)Fractionnb(g)Fraction9



Fig.12.9.(continued)
(c)<e>

sr
I

SF

I



Fig.12.9.(continued)



Fig.12,9.(continued) (g)&

&

SF

v
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There is nothing remarkable about the iodoaaiao acid content of

the other peaks, although they all contain some thyroxine. This

tends to confirm the earlier suggestion that chysotrypsin has not

split all of the same bonus in different thyroglobuiin molecules.

It might also be due to partial non-specificity of thyroxine synthesis,

however.

12.3.2. Peptide mapping of chymotryptic iodopeptide fractions.

(a) Electrophoresis at pH 6.5. then BA chromatography. Iodopeptide

fractions a, r, e, C» na, nb and 0 from a chymotryptic digest

of rabbit ["^i] -thyroglobuiin were peptide mapped (electrophoresis

at pE 6.5 followed by BA chromatography). Autoradiograua are shown

in Fig. 12.9* end may be compared with an iodopeptide map of the

unfraction&ted digest in Fig. 12.1».

Fractious a, y» e and € contain mainly origin and near-origin
\

material. Fraction na is composed of negatively charged 'A1 peptides,

with few '0', •fl* or 'C' iodopeptides. Fraction r»b contains '8',

'0' and some *A' iodopeptidea. Some iodopeptides appear on both

na and nb maps because the gel filtration peaks were not well separated*

Fraction 3 contains almost all its radioactivity in one spot which

corresponds with the position of free aonoiodotyrosine: this was

confirmed by elation and re-chromatography in BA and BDA solvents.

(b) Peptide mapping of trypfcic digests of fractions na and nb.

To examine the distribution of basic residues, fractions na and nb

trere hydrolysed with trypsin for k hr. and the digests vera peptide

mapped (electrophoresis at pH 6.5 followed by BA chromatography).

Fig. 12*10.(a) shows only small changes in the iodopeptide pattern

of na when compared with Fig. 12.9.(e). Fraction nb, however,



FifcJZ.10.Peptidemapautoradiogramsoftrypticdigests(4hr.)ofiodopeptidefractions (a)naand(b)nb.(SeeFig.12.9.forconditions).



SF

|| 1
lit. 12.11. Peptide map autoradiogram of a chymotryptic digest

of heat -denatured rabbit [I2Sl] -thyroglobulin. Electror

phoresis at pH 6. 5 for i hr. was followed by BDA

chromatography for 17 hr. Symbols ae in Fig. 9.1.



Sf

Fig. 12.12. Peptide map autoradiogram of gel-filtration

fraction nb (Fig. 12.8.) of a chymotryptic digest of

heat-denatured rabbit [W8l]-thyroglobulin. Electro¬

phoresis at pH &. 5 wan followed by BDA chromatography

for 18 hr. Symbols as in Fig. 9.1.
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gives a different io&opeptide pattern after tryptie digestion (cf.

Tigs. 12.10.(6) & 12.9.(f)) and must contain a large number of basic

residues. There is little evidence of free iodoamino acids on either

tryptie peptide map.

(c) Electrophoresis at pH 6.5 then BM chromatography. Electro¬

phoresis at pll 6.5 and BA chromatography both separate the iodo-

tyrosines but not the iodothyronines, and the latter compounds give

diffuse spots in BA solvent. Iodopeptide separation was not very

satisfactory in Fig. 12.9.(f) so electrophoresis at pH 6.5 followed

by 3DA chromatography was examined. A cbyaotryptic digest of heat-

denatured rabbit -thyroglobulin and gel-filtration fraction

pb of the same digest were peptide mapped by electrophoresis at

pH 6.5 followed by BDA chromatography (Figs. 12.11. & 12.12., respec¬

tively ). 'A' iodopeptides from fraction nb still form streaks but

fewer spots axe present than after BA chromatography (32 and ^5

spots, respectively). Better separations are achieved by running

BbA solvent off the foot of the chroaatograri, without loss of radio¬

active material, and a higher percentage of radioactivity is present

in recognisable spots (90-95$ against 80-85$ after BA chromatography).

The long streaks of radioactivity, Al6 in Fig. 12.9.(f) and

All in Fig. 12.12., have Rf values similar to iodide in the two

solvents. If they are iodide it appears that electrophoresis has

caused deiodination of soma iodeathno acids.

12.3.3. Total entyaic hydrolysis of iodopeptides from fraction nb.

As fraction nb contained more than half of the thyroxine origin¬

ally present in thyroglobulin (Table 12.12.) it was expected that



Table12.)'3,

Iodoaminoacidcompositionofisolatediodopeptidea.Gel-filtrationfraction»]b(Fig.12.8.) ofachyraotryptlcdigestofhe&t-denaturedrabbit]-thyroglobulinwaspeptidenapped (Fig.12.9^f)).Spotswereelutedandhydrolysedusingpepsinfollowedbypronaseplusa sourceofthyroidalproteases.Restiltsfrom3AandBDAchromatogramsareexpressedasa percentageoftheoriginalradioactivityofthyroglobulin. PercentofORIGINALradioactivityofthyroglobulin
§E°! ai6

As%ofTg

Iodide

MIT

BIT

Tit

T3

ZI~+Iaos

3.6

0.U7

0.35

0.U2

0.37

0.03

1.6

ait/18

2.5

0.55

0.12

0.12

0.11

0.05

1.0

N9

2.6

1.2

0.76

0.10

-

-

2.1

N10

1.6

0.09

0.16

0.03

0.11

-

0.39



Table12.14.

Iodoaminoacidcompositionofisolatediodopeptides.Gel-filtrationfractionr)b(Fig.12.8.)ofa chyraotrypticdigestofheat-denaturedrabbit["^I]-thyroglobulinwaspeptidemapped(Pig.12.12.). Spotswereelutedandhydrolysedusingpepsinfollowedbypronaseplusasourceofthyroidalproteases. ResultsfromEAandBDAchromatogramsareexpressedasapercentageoftheoriginalradioactivityof thyroglobulin.

;5»:

PercentofORIGINALradioactivityoftfayroglobulin
5221

Spotas%ofTg
Iodide

MIT

PIT

T3

£I~-»Tacis

BA-SFmaterial

02

0.1*8

0.03

o.oH

0.18

0.02

0.03

0.29

0.07

03

0.76

0.03

0.05

0.23

0.01

-

0.32

O.ll*

05

1.3

0.07

0.09

0.1*2

o.ol*

0.13

0.71*

0.1*3

A1

1.2

O.lU

0.16

0.26

0.12

0.08

0.76

0.13

A2

1.2

0.05

0.39

0.1*1*

0.02

0.02

0.91

0.05

Aha

1.5

0.08

0.30

0.1*2

0.06

0.09

0.91*

0.16

Al*b

2.2

0.21

0.38

0.51*

0.06

0.01

1.2

0.39

AUc

1.2

0.08

0.30

0.38

0.06

0.01

0.83

0.08

AC

1.1

0.08

0.1*2

0.20

0.07

0.01

0.73

0.18

A9

1.2

0.10

0.29

0.15

0.20

0.05

0.78

0.1*3

All

7.6

3.0

0.31

0.78

0.37

0.20

5.1

0.93

HI

0.58

0.02

0.19

0.11

«N>

0.32

0.06

N2

1.6

o.oi*

0.90

0.21*

-

-

1.2

0.05

N3

2.0

0.05

1.3

0.3U

0.02

—

1.7

0.10

u6

0.72

0.03

0.33

0.13

-

-

0.5l*

—

FT

1.6

o.ofc

0.58

0.13

0.05

0.02

0.87

o.ll*

H8

1.6

o.oH

0.91*

0.15

1.1

Totals:

27.9

STT

7.0

3A-

I.T~

0T65

1T.TT

|X

#Radioiodinematerialatthesolventfrontof3Achromatograss(iodothyronines).
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a thyroxino-rieh peptide would be readily located on a peptide map

of this fraction. Sections 12.3. and 12.3.2. describe the isola¬

tion end peptide napping of fraction nb. Iodopeptide spots were

cut out, elated, and hydrolysed using pepsin followed by pronase

plus a source of thyroidel proteases.

(a) Spots from a pH 6.5-BA iodopeptide map (Fig. 12.9«(f))« Results

of hydrolysis of four spots are shown in Table 12.13. Hydrolysis

was incomplete in all cases as is shown by radioactivity accounted

for in iodoamino acids plus iodide compared with radioactivity in

each spot. Deiodination of H9 was excessive and yields of thyroxine

were poor.

(b) Spots frota pH 6.5-BDA iodopeptide maps (Fig. 12.12.). Sight

iodopeptide maps of fraction nb were prepared. Identical spots

were cut out, pooled, eluted, and hydrolysed as described above.

Results are shown in Table 12.lb. Triiodothyronine is likely to

be slightly contaminated with other material on BDA chroaatograns

(Flaskett at al. 1963b). For this reason, and because triiodothyronine

is a minor component, these percentages are not discussed further.

Hydrolysis was reasonable in some cases, but in others only half

of the radioactivity was accounted for as iodo&mino acids plus iodide.

Half of the thyroxine present in all these spots is found

in peptide All, along with roost of the iodide on the map. Spot All

only contains about 1/b of its radioactivity in iodoamino acids,

the rest being iodide. Comparison with the iodoamino acid composi¬

tion of fraction nb in Table 12.12. shows that all the iodide originally

present is accounted for. Total thyroxine present in all the spots

is one-tenth of that present in the original thyrcglobulin, but

only 2/3rds of the iodoaaino acids (plus iodide) have been released
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by hydrolysis of the spots. Solvent-front material on BA ehromatograins

show only slightly more iodothyronine material than is present on

BDA chromatogrsxM. Although a thyroxine-rich fraction was peptide

mapped, thyroxine is not confined to a single peptide.

DISCUSSION

Chymotryptic iodopeptides were fractionated by gel filtration,

and two heterogeneous lov-molecular-veight fractions contained laoat

of the thyroxine present. Thyroxine has a molecular weight of 777

so a thyroxyl di- or tri-peptide mu3t have a molecular weight of

about 1,000. Allowing for adsorption of thyroxyl peptide(s) on

the gel this is approximately the value found. The fraction (nb)

which contained most of the thyroxine (and probably quite a hijh

proportion of basic residues) was peptide mapped. A thyroxine-

rich peptide (All in Fig. 12.12.) contained only l/17th of the thyroxine

of thyroglobulin» and half of the radioactivity of this peptide

was present as iodide. Thyroxine was also present in small amounts

ia most of the other peptides on the map. Extremely low yields

of total thyroxine might be partly due to incomplete hydrolysis.

Alternatively deiodination might be causing loss of thyroxins-xodine.

Iodide travels off the peptide map within half an hour during

electrophoresis. Any iodide present in peptide map spots must there¬

fore have been caused by deiodination. The large iodide content

of All sad the shape of the streak (Fig. 12.12.) suggests that deiodina¬

tion has occurred during electrophoresis. This peptide might originally

have contained anything up to six times its radioiodine content

found after peptide mapping. Electrophoresis has been used to
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separate free iodoaaiao acids (see references in Bobbins & Rail,

1^67)» but only Takahasui (quoted by Miyamoto & Kobayashi, 19^1)

found that thyroxine was degraded when eleetrophoresed in acidic

buffers. A possible cause of deiodinatioa in this work might be

the temperature during high-voltage electrophoresis. Arosenius

& Parrov (196b) separated iodoamino acids at -2°, while our tank

was cooled by running water and was maintained at 10 to 15°* The

iodide streak was not seen on pH 6.5-BA io&opeptiae maps as it

was probably obscured by iodopeptide spots.

In conclusion;, most of the iodopeptides isolated from a thyroxiae-

rich gel-filtration fraction contained some thyroxine (cf. section

12.2., Discussion). Absence of a truly enriched thyroxine-peptide

is attributed either to the non-specificity of thyroxine synthesis

or to incomplete hydrolysis and also deiodinaticn during electro¬

phoresis: deiodinatioa alone would account for loss of all the

thyroxine applied to the peptide map. A relatively thyroxine -

rich peptide contained l/9th of the thyroxine on the peptide nap

and only l/17th of the thyroxine of thyroglobulin.
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13. EXCBASG^ OF ORQAniC-IODIHS IX THYROOLOBUL13 AND lODOIbSPiTDEG.

Chemical reactivity of iodoaniao acids is largely determined

by ease of ioaisatioa of the phenolic hydroxy! groups. She iobo-

thyronine ether-linkage can not ionise so the 3.5 positions are

more stable than the 3',5' positions on the outer ring (Stanbury,

I960). Thin is borne out by studies on iodothyronine deiodina-

tion in the rat (Roche, Michel & Tata, 1952) and chemical modif¬

ication of thyroxine (Plaakett, 1959* 196lb).

Chemical iodination of tyrosine is normally performed is

neutral or alkaline solutions (Ramachaadran, 195° i Mayberry at

al. 1965). The rate of iodinaticn is inversely proportional to

the hydrogen ion concentration and it is the phenolate ion vhich

is iodinated: tne concentration of iodide and the temperature

also affect the rate of reaction* Painter & Soper (19^7) shoved

that the same factors affected rates of iodination of phenol in

veak acid solutions. Kinetics for exenange of iodine between diiodo-

tyrosine and iodine in aqueous acidic solution were studied by

lieltmna & Kahn (195*0. The rate of exchange vas first order with

respect to diiodotyro&iue and iodine concentrations and vas inversely

proportional to the hydrogen ion concentration. They postulate

a phenolate anion as an intermediate.

Radioiodine atoms in iodotyrosyl residues and in the outer

ring of iodothyrouyl residues of thyroglobulin (or peptides) should

be preferentially exchangeable vita free iodine under acidic condi¬

tions. This should produce a preparation in voioh the radioiodine

of thyroxyl residues has been artiflcally enriched relative to

the total radioiodine content. Removal of organic-radioiodine
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daring electrophoresis of iodopeptides should be minimised and detec¬

tion of a thyroxyl peptide on a peptide mp should be facilitated*

Under acidic conditions, iodin&tion, thyroxin® formation (by coupling

of two diiodotyrosyl residues) and oxidative degradation of hydroxy-

amino acids and tryptophan are miniminod (Rtutachaadran, 1956). The

few preliminary experiments presented below were designed to test

the feasibility of enriching the thyroxyi radioiodiae-label.

13.1. Methods of iodine exchange.

Proteins. Pig ammonium sulphate purified thyroglobulin, or dialysed,

freeze-aried, heat-denatured, radioiodine-labelled rat thyroglobulin

war© used (sections h.2. & h.fc.l*, respectively).

Buffer solutions. Q.01i4-h3P0^, pii 2.0, was made Q.01M or 0.1M with
respect to potassium iodide.

Iodine. Solutions of known concentration were prepared by diluting

some standard 0. tJlM-iodino stock solution with the required buffer-

KI mixture immediately before use.

Iodine exchange (a) Ihyroglobulin. A known weight of protein was

dissolved in unbuffered KI solution of the required molarity at about

pH 7 and was transferred to a dialysis sac. Iodine exchange was

performed by dialysis at 0° for 2h hr. against 200 ml. of buffar¬

id solution, pfi 2.0, containing a known concentration of iodine.

The control contained unlabelled thyroglobulin in the dialysis sac,

and about 2 yc of carrier-free sodium raiioiodide was added as tracer

with the iodine.

After exchange the diffusate was removed and stored. The thyro¬

globulin was dialysed at 0° against an equal volume of distilled

water adjusted to pii 9 (dH^Oh), containing about 0.5 rag. methimazole ,
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with two changes in 2k hr. Samples of the three diffusate solutions and

the non-diffusible material were assayed on a scintillation counter

(the standard deviation was <*5# of the total counts).

(b) Chymotryptic iodopeptidea of thyreoglobulin. A known concentration

of heat-denatured rat C125!] -thyraglobulin was hydrolysed with chymo-

trypsin for 8 hr. A peptide solution (approx. 1# (w/v) containing

about 20 ug. of organic-iodine) in 0.1M-KI-0.QIM-H^PO^ was prepared
and the pH was adjusted to 2.0. Iodine solution (50 pi. vol. to give

a final concn. of 0*5 mg./ral.) was added and the mixture was stood

in the dark at 0° for varying times. Exchange was stopped by addition

of enough O.lM-fl^S^^ to reduce the iodine (Zeltraann & Kahn, 195*0
and the pH was adjusted to approx. J.

The ioaopeptides were fractionated and separated from iodide

by gel filtration on ' Sephadex 0-25' in pyrd&lne-dJH^KCO^-water solvent
(section 7*3.2.4.}. The 2 ml. fractions were assayed on a scintilla¬

tion counter.

Theoretically exchangeable iodine. In the calculations below it

was assumed that the iodine content of thyreoglobulin was 0.5# (Roche

& Michel, 1951)* Moles of the iodoamino acids present in rat thyreo¬

globulin were given in section 10.3.1. Only iodine atoms in positions

ortho to the phenolic hydroxyl groups are labile and available

for exchange. On this basis, 1/2 of the thyroxyl, l/3rd of the

triiodothyronyl and all of the iodotyross'l iodine atoms are theoret¬

ically exchangeable. Thus in theory, up to a maximum of 85# of

the total radioiodine of thyreoglobulin may be removed by exchange

with stable iodine.

Knowing the weight of thyreoglobulin used and assuming a 0.5#
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iodine content ("based on a single analysis of iodine-deficient

rat thyroglobulin), then the number of equivalents of thyroglobulin-

iodine was calculated. Hie sum of unlabelled iodine and iodide

in the reaction mixture was known and was at least 250 times the

amount of radioiodine. For the purposes of calculation, it was

assumed that all the thyroglobulin-iodine was exchangeable. Specific

activities (i.e. eounts/min./mequiv. of iodine) were used to calculate

the percentage of iodine exchanged. In control samples, where

non-radioactive thyroglobulin and tracer-labelled iodine were allowed

to exchange, the percentage of organic-iodine exchanged was given

by:

specific activity of thyroglobulin-iodine after exchange x 100#
specific activity of iodine before exchange
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13.2. Iodine-exchange experiments -with thyroglobulin.

Dialysis was carried out as described under Methods, above.

Unlabelled and [131J -thyroglobulin solutions (5 lag. of each protein

in 5 ml.) were allowed to exchange at 0° for 2b hr. with 0.01M-

KI-0.OlM-H^PO^, pH 2.0, containing 0.1 jag. Ig/ial. (plus 2 pe Ka131I
in the control). Exchange of thyroglobulin-iodine was 3.9# in

the control and b.2% in [131l]-thyroglobulin.
In another experiment 3.38 rng. of each protein in 2 ml. was

allowed to exchange as described above, but the iodine concentration

was increased to 1 mg./ml. Mo significant levels of raaioiodine

were found in the control, but 30# of [?"31l]-thyroglobulin-iodine
was exchanged. The specific activity of the iodine solution of

the control was l/37th of that used in the first exchange experi¬

ment. Assuming that 30# of the control thyroglobulin-iodine was

also exchanged, and using the specific activity of free iodine,

the radioactivity theoretically present in control thyroglobulin

after exchange was calculated to be b counts/min., which was not

significantly different from background. These results with control

thyroglobulin show that iodination of the protein is not significant

under the conditions used for iodine-exchange.

Thyroglobulin is rapidly denatured below pH U.8 (Heidelberger

& Pedersen, 1936). Appearance of the dialysis sacs in the high

iodine-concentration experiment (l mg./ml.) suggests that thyro¬

globulin (initially in unbuffered solution at pH 7) becomes denatured

at the inner surface of the sac.

13.2.1. Total hydrolysis of exchanged -thyroglobulin. The

iodoamino acid composition of the 30# exchanged [^^i] -thyroglobulin



Table'3,J.

lodoaciiaoacidcompositionofr*TJ-thyroglobulinwhichhadhad30?ofitslabile 127

radioiodineexchangedforI(seetext).Hydrolysisusingpepsinfollowedbyproaase plusasourceofthyroidalproteases. Solvent BA 3DA £

THandT3werenotseparatedinBDA.Percentofradioactivityonchromtogra.-n
IodideMITDITTUT3SI~+Ittas 3.325.127.133.U 2.730.135.3



(a)

(b)

£i&_13.1.Peptidemapautoradiogramsofachymotrypticdigestofheat-denatured30% exchanged[Wll]-thyroglobulin(seetext).ElectrophoresisatpH6.5for3hr. wasfollowedbychromatographyin(a)BAsolvent(12hr.)and(b)BDAsolvent (16hr.).
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was examined to see whether deicdiaation had occurred during exchange*

One-third of the freaze-dried protein was hydrolyaed using pepsin

followed by pronase plus a source of thyroidal proteases. Results

from BA and BDA ciaroiaatograos are shown in Table 13.1*

Deiodiaatioa usually results in a high mono- to di-iodotyrosine

ratio, but it is normal here (0.93}* Percentages of the iodotyrosines

have decreased from the usual 20-35$, and the amount of thyroxine

a relative increase in thyroxine-radioiodine as was predicted.

13.2.2. Peptide mapping of chynotryotic ioflopsptidos of exchanged

thyroglobulin was hydrolysed for 3 hr. with ehymotrypsia. Two

peptide maps were prepared by electrophoresis at pil 6.5 followed

by BA or BDA chromatography. The autoradiograas in Pig. 13.1.

are faint and further work on the iodopeptiaes was not possible

because most of the radioiodine had decayed, looopeptide patterns

are similar to those produced earlier, except that a large diffuse

spot with a high Rf in both chromatography solvents was present

in Pig. 13.1.

has doubled. Deiodination



Fig. 13.2. Station profile ot w#l/lswI exchanged chymotryptic

iodopeptides from heat-denatured rat [l3,l] -thyroglobulin,

fractionated on 'Sephadex G-25* . Column: 2. S x 50 cm.

Solvent: pyridine-1. OM-NH^HCOj-water (1:1:10, by vol,).

Flow rate: 18. 5 ml. /hr.



Table13.2.

Coapariaon.ofradioiodinecontentandiodoamiaoacidcompositionofuntreatedand-^5j^127j exchangedcnyisotrypticiodopeptides.Labilera&ioiodinewasexchangedwithO.IH-Kl/Ijat p£2.0forHdaysat0°.Untreatedaridexchanged(x)iolopaptiii.eswerefractionatedon 'Sephadex0-25'inpyr.idine-Ifll^lCO^-water(Fig.13.2).Peakswarehydrolysedusingpepsin followedbypronaseplusasourceofthyroidalproteases.ResultBfrom3Aand3DA chromatograrasaregivenaspercentagesoftheradioactivityoftayroglobulinbeforehydrolysis. Peak

Percent
o?

radioactivityoftayroglobulinbeforehydrolysis
£in_Peak

Iodide

MIT

DIT

Tlj

l

Ef+Ioa'a

1

50.3

2.8

9.0

22.3

U.O

0.79

39.7

2

10.0

0.90

2.7

k.2

0.26

0.03

8.1

3

26.3

1.5

8.0

9.2

2.6

0.3b

21.9

k

1.7

Totals•

88.6

5.2 .

20.5

35.7

7.1.

1.2

69.7

IX

35.S

2.k

7.7

17.2

2.9

0.3H

30.5

2X

12.2

0.51

S».l

i1.6

0.65

-

9.9

3X

25.6

1.0

7.1

l.k

5.5»

0.29

21.2

kx

5.0

Totals:

TOjjb

3.9-

18.9

29.2

9._q

0.63

61.6
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13.3. Pel filtration of iodinc-exch&n&ed chyaotryptie ioctopeptides.

Ciiymotryptic iodopeptidas of heat-denatured rat [lf ^i] -thyroglob-

ulia (h.3 ag.) vera allowed to exchange with stable iodine for

% days at 0° (section 13.1.(b)). The elation profile in FlL> 13.2.

shows the three iodopeptide fractions obtained froa gel filtration

on 'Eepha&ex 3-25't peak k contains iodide. Fractionation of

untreated cnyjaotryptic iodopeptides (also U.3 rag.) on the sacs

gel column gave qualitatively the same elation profile. Percen¬

tages of radioactivity in the iodopeptide fractions are shown in

Table 13.2. Total radioactivity actually exchanged was 3-3#, compared
the control where

with^ exchange of thyroglohulin-iodine/fret—iodine
was k.3%.

13.3.1. Total hydrolysis of iodopeptide gel-filtration fractions.

lodopeptide fractions were pooled,, concentrated by rotary evapora¬

tion, freeze-dried, and were hydrol/scd using pepsin followed by

pronase plus a source of thyroidal proteases. Table 13.2. shows

the iodoesdno acid compositions of iodopeptide gel-filtration fractions.

Percent of total radioactivity after 12^I-exchange has decreased

in peak 1 and increased by 3.3% in peak k (iodide). The 10# difference

between total radioactivity in all four peaks is due to omission

of regions between the peaks that contained relatively more radio-

iodine after exchange.

Seasonable hydrolysis was achieved as about k/jtha of the

radioactivity of each peak was accounted for as free iodoaaaino

acids plus iodide. lodotyrosine totals decreaaod after exchange

whereas there was a slight relative increase in total thyroxine.



13,3,Peptidemapautoradiogramsofgel-filtrationfractionsofanuntreated chymotrypticdigestofheat-denaturedrat[u#l]-thyr©globulin(fractionsas showninFig.13.2.).ElectrophoresisatpH6.5wasfallowedbyBDA chromatography,(a)PeakI.(b)Peak2.(c)Peak3.



 



Fig-"APeptidemapautoradiogramsofgel-filtrationfractionsofanexchangedchymotryptic digestofheat-denaturedrat[^ij-thyroglobuiin(seesection13.3.).Electrophoresis
atpH6.5wasfollowedbyBDAchromatography,(a)PeakZ.(b)Peak3.
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Thyroxine radioiodiae decreased toy lA in peak 1 tout it doubled

ia peaks 2 and 3. Peak 3 represents a truly enriched thyroxine

fraction*

13.3♦2. Peptide capping of iodopeptide gel-filtration fractions.

Chymotryptic iodopeptide gel-filtration fractions were peptide

mapped toy electrophoresis at pH 6.5 followed toy BDA chromatography.

Use of the solvent BDA rather than solvent BA was explained in

section 12.3.2.(c). Iodopeptide maps of 'Sepha&ex 0-25' gel-filtration

fractions of untreated and exchanged iodopeptides (section 13.3.)

are shown in Pigs. 13.3. A 13A., respectively. Peak 1 contains

mainly origin and near-origin material, and also a long streak

with an Bf similar to iodide: a very similar distribution of

radioactivity was found in untreated (Fig. 13.3*(a)) and exchanged

peak 1 material.

Peak 2 also contains the 'iodide' streak (Figs. 13.3.(b)

A 13A.(a)). Untreated peak 2 contains a large number of the 'A'

iodopeptidas, whereas rao3t of these iodopeptides lost their radio¬

activity after exchange and are therefore likely to be iodotyrosyl

peptides. The iodopeptides of peak 3 (Figs. 13.3.(c) & 13A.(b))

all migrata sway from the iodopeptide map origin and carry various

charges at pE 6.5. Before exchange, two intense spots(A25 & A26)

stand out on the map in Fig. 13.3.(c). The pattern is charged

slightly after exchange and an additional intense spot, A31, is

then obvious (Fig. 13A.(b)).

DISCU3SI0.U

A relative enrichment of the iociotnyronyl radioiodina-label
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over the total radioactivity of thyroglo'oulia (or peptides) was

achieved. The radioiodine-lsoals in positions ortho to the phenolic

fcydroxyl groups in iodotyreeyl or iodothyronyl residueo were exchanged

for stable iodine at pH 2.0. Exchange of 30£ of the thyroglobulin-

iodiae resulted in a relative doubling of the thyroxine-radioiodine.

Under the conditions of reaction neither deiodination nor iodination

vera detected, and exchange was the knajor reaction. Exchange at

alkaline pE la more rapid and more complete {Fairley, 1968). but

iodination is also favoured (Hrfyc. 19^3).

Peak 3 from ,Sephadex G-25' gel filtration was found to be

an enriched thyroxyl fraction. Comparison of iodopeptide maps

of fractions before end after exchange did not help to identify

a thyroxyl peptide, even though the iodopeptide patterns vera not

the same. This might be because only about 3% of the organic-
125

I was exchanged. A streak of radioactivity with an Bf similar

to iodide suggested that deiodination during electrophoresis was

not diminished (ef. section 12.3*, Discussion).

Eieae few preliminary iodine-exchange experiments serve aa

a basis for future work directed towards isolation and purifica¬

tion of a thyroxyl peptide. One peptide (A31 in Fig. 13.4. (b))

may perhaps be a thyroxyl peptide.
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Ik. DOUBLE-LABELLING OF THYBOGLQBUUK WITH TWO RADIOIODIHE ISOTOPES.

Harington (1926b) originally put forward the hypothesis that

thyroxine formation night involve the condensation of two mole¬

cules of diiodotyrosine. Since then attempts have been made to

establish a precursor-product relationship (Zilversmit» Enteaman

& Fishier, 19^3) between the iodotyrosines and iodothyronines using

several techniques.

Studies on the rate of labelling of mono- and di-iodotyrosine

pools of hydrolysates of rat thyroid glands at various times after

a single injection of radioiodiae have been made by Taurog, Tong

g Chaikoff (1953). Bois A Larsson (1953), Verain, Verain-Pinoy

& Pons (1961), Stole (1962), Pitt-Rivera (1962), and Plaskett et

al. (1963a). Similar work has been carried out on iodothyronine

labelling (Bois & Larason, 1953; Verain at al. 196l; Plaskett,

196la, 1961c,, 1963b; Stole, 1962). Other authors have attempted

to measure the true specific activity (faurog, Chaikoff & Tong,

19^9) or relative specific activity (Pitt-Rivers, 1962; Halmi

A Pitt-Rivers, 1962) of different thyroidal iodoamino acids at

various times after radioiodine injection.

Simon (1964) using a method of isotope equilibrium and a

double-labelling technique attempted to overcome some of the diffic¬

ulties and contradictory results obtained by other workers using

different techniques. In addition he was able to show differences

in rates of turnover of dialysable thyroidal iodopeptides which

were separated by a peptide mapping technique. Roholt A Pressman

(1967) employed a double-labelling technique for measuring the

relative reactivity to in vitro iodination of different tyrosyl
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residues in & protein molecule: iodopeptidea vera separated by

peptide mapping.

In the work described below chymotryptic iodopeptides were

obtained from rat thyroglobulin doubly-labelled in vivo with iodine-

131 and iodine-125. The relative rates of iodination of indiv¬

idual peptides were examined in order to obtain some idea of the

specificity of coig>ling of diiodotyroayl residues to give thyroxyl

residues in thyroglobulin.

lfe.l. Methods.

Twelve male rata (250 g* each) were fed on a low-iodine diet

(Boyd & Oliver, i960) for one month and were divided into four

groups containing three rats. Bach rat was injected intraperit-

oneally with 118 yc of carrier-free 2k hr. before slaughter.

At 2k, 12, 5 sod 2 hr. before slaughter the rats in each group

were each injected with carrier-free Na12**I of 120 , 375 , 750 yc

and 1 mc activity, respectively. These amounts of iodine-125 were

calculated to yield approximately the same final specific activity

in thyroglobulin from each group. Thyroglobulins from the four

groups of rats are distinguished below by labelling them accord¬

ing to the time of iodine-125 uptake, i.e. 2, 5, 12 and 2k hr.

preparations»

Thyroids from each group of rats were carefully removed,

pooled, and homogenised by hand in an all-glass homogeniser at

0° with 1.0 ml. of 0.15M-iiaCl per thyroid. The homoganiser was

rinsed with 0*5 ml. of saline per thyroid, which was combined with

the homogenate. Crude thyroglobulin was prepared by centrifug&tion
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at 125,000 g and dialysis (section 4.4,1,), and the freeze-dried

protein was stored at -20°,
Thyroglobulin from each group was dissolved in 1.0 ml. of

O.IM-NH^HCO^, pH 8.0. Duplicate 10 yl. samples were removed from
each preparation and transferred to 10 ml. of 0.15M-SaCl for analysis

of thyroglobulin iodine-uptake and ratios. Total enzyme

hydrolysis was also performed on 25 yl. samples of each thyroglobulin

preparation. The remaining thyroglobulin solutions were made 50mM

with respect to methimazole and were denatured by heating at Q0°
for 5 min. Chymotryptic hydrolysis at pH 8.0 for 8 hr. was carried

out as described in section 6.1. The digests were peptide mapped

by electrophoresis at pH 6.5 followed by either BA or BDA chrom¬

atography.

Badioiodine assay. Xodine-125 and iodine-131 isotopes were assayed

by Y-ray spectrometry as described in section k.l.C. Corrections

were made for iodine-131 contributions to iodine-125 activity:

the highest iodine-125 activity used contributed less than l£ to

the iodine-131 count-rate and vas not corrected for. All the results

below were corrected for decay to the time of slaughter of the

rata (half lives: ■ 8.04 days, » 57.4 days). Counting

efficiency was 6.6% for iodine~131 and 10.9? for iodine-125.

For low-activity samples the accuracy of each estimation

was improved by counting for longer times and increasing the number

of measurements. If N is the total number of counts recorded then

the accuracy of measurement is given by the standard deviation:

0 »/s, This may be expressed as the relative standard deviation:

o% ■ (7if x 100)/K. In the case of the lowest activity samples
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the least favourable relative standard deviation obtained vas 7%

for some of the iodine-131 estimations*

Relative rates of iodination. Isotope equilibrium in rat thyroids

is not approached until some time after ^8 hr. following a pulse-

label of radioiodine (Pitt-Rivers, 1982). Radioiodine-label in

thyroxine reaches a maximum between 2k and U6 hr. after a pulse

of iodine-131. Rates of in vivo iodination of iodoamino acids

(and thyroglobulin peptides) can be obtained by injecting iodine-

131 at 2k hr., and iodine-125 at shorter time-intervals before

slaughter. The ratio will then give an indication of

the relative rates of iodination without the necessity of measuring

pool sizes or absolute specific activity. Variations between the

different groups of rats were allowed for by subtracting the

ratio in each untreated thyroglobulin preparation from the

ratio of the isolated compound:

in compound - 125x/131i ^ thyroglobulin « A125I/131I
The relative rate of iodin&tion was then given by measuring the change

of A125!/!33! with time (Roholt & Pressman, 1987).

l*t.2» Turnover of radioiodine in individual iodoamino acids.

A portion (25 ul.) of each thyroglobulin preparation was

hydrolysed with pepsin followed by prcxiase plus a source of thyroidal

proteases. BA and BDA chromatograms were autoradiographed and

spots coinciding with carrier iodoamino acids (detected by u.v.

absorption) were cut out and counted as described above. 12^I/131I
ratios for the four groups of untreated thyreoglobulin were:

2 hr., 3.02; 5 hr., 3.99; 12 hr., 3.80; 2fc hr., 2.17.

•Please see note at end of discussion, (p. 158)
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Table14.1.

lodoarunoacidcompositionofdoubly-labelledthyreoglobulinatdifferenttimesafterinjectionof iodine-125,«uid2khr.afteriodine-131.Thyroglobulinfromthreepooledratthyroidsineach groupwashydrolysedusingpepsinfollowed"bynronaseplusasourceofthyroidalproteases. RadioactivityonEAandEDAchromatogramswasassayedby•y-rayspectrometry.Thyroglobulinuptake ofeachradioisotopeisshownasapercentageoftheinjecteddo3e. loc.Percentofradioactivityonchronatogram
Timeafter'I injection(hr.)

Iodide(mean)

...Jfc,.,,..
MIT

BIT

Tb

-"■*■mm~\
T3

Mlf PIT

Tgradioiodine uptake(?)

2

2.5

33.6

b2.6

9.0

l.k

0.79

1.1

5

2.7

31.3

33.8

lb.5

2.5

0.81

3.1

12

2.3

26.6

33.2

16.9

2.b

0.70

k.6

2k

3.1

22.0

36.3

20.2

2.8

0.62

k.2

Timeafter131j injection(hr.) 2*1(125I2hr.)
2.0

2b.1

bl.O

19.3

2.1

0.59

5.6

2k5hr.)
3.1

23.2+

37.6

21.5

3.b

0.62

8.6

2h(125I12hr.)
2.9

2b.7

bo.i

10.3

2.9

0.62

7.2

2k(^i2khr.)
3.2

22.2

37.1

20.6

2.7

0.60

3.2
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As the thyreoglobulin was di&lysed before hydrolysis free

iodoamino acids* peptides and iodide were removed (see Simon, 196k).

Fig. lk.l. shows the relative rates of iodination of the four iodoamino

acids released from peptide linkage. There are too few points

to draw firm conclusions, but mono- and di-iodotyrosine appear

to reach maxima at the same point after about 3 hr. Other workers

have found similar results and attributed the absence of a precursor-

product relationship to heterogeneity of thyroglobulin within the

thyroid gland (see Introduction, section 1.). The relative rate

of labelling of thyroxine approaches a maximum after about 12 hr.

Pitt-Rivers (19&2) and Means, BeGroot & Dtanbury (19^3) found that

the percent of thyroxine radioiodine in normal rats reached a maximum

between 2k and U3 hr. Little weight is given to the triiodothyronine

content as this region of the BDA chrom&togram contains other iodinated

components (Plaskett et al. 1963b). Iodide on the chromatograms

arises from deiodiaation of iodoamino acids (see also Simon, 196k).

Table lk.1. shows the and -iodoamino acid compo¬

sitions of the four thyreoglobulin preparations. A rapid decrease

of monoiodotyrosine, an almost constant diiodotyrosine percentage

from 2 hr. and an increasing thyroxine-label up to 2k hr. are similar

to the results of Pitt-Rivers (1962), Means et al. (1963) and other

workers. The iodine-131 2k hr.-label in each iodoamino acid is

essentially constant in each preparation, and the iodoaaino acids

plus iodide account for Q5~9Q% of the total isotope radioactivity

in each hy&rolysate.

Iodine-131 uptake into thyroglobulin varied between the four

groups and was rather low for supposedly iodine-deficient rata



£&. 14.2. Peptide map autoradiogram of a chymotryptic digest
of heat-denatured rat thyroglobulin doubly-labelled in

vivo with iodine-131 for 24 hr. and iodine-125 for 5 hr.

Electrophoresis at pH 6.5 was followed by BA

chromatography.



Fig, 14,3, Curves showing relative rates of iodination of

selected chymotryptic iodopeptides which had been

separated by peptide mapping (Fig, 14.2,, pH o, 5/BA).

* IMI/Wll in spot minus WSj Otj in untreated

thyroglobulin (see section 14,1*), Abscissa is time

after iodine-125 injection.
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(cf. section 5.3.1.). [131l]-iUT/[131l]-DXT ration for the fotir

groups were close to 0.6, while the -MIT/[12^l] -DIT ratio

was not constant at various tines after iodine-125 injection. These

rats were therefor® not truly iodine-deficient and probably obtained

a small amount of iodide from their drinking water or diet (Plnskett

et al. 1963a).

lb.3. Turnover of radioiodine in individual ioclopeptides.

Chymotrypiic iodopeptides from the four thyroglobulin prep-

aration3 were separated by peptide mapping,

A. Electrophoresis at pH 6.5 followed by BA chromatography.

Hie iodopeptide map in Fig. lb.2. was prepared from the chymotryptic

digest of 5 hr. P^l] ~thyroglobulin. lodopeptlde maps of the

2, 12 and 2b hr. preparations had identical distributions of spots

end no marked differences in intensities of identical spots were

observed. Iodiae-131 emissions masked any differences there may

have been between -labelled spots. Iodopaptide patterns

are similar to those shewn in Figs. 10.b., 12.2. and 12.3. Selected

spots war® cut out and assayed for iodine-131 and iodiae-125 content.

Relative rates of iodination of the individual peptides are shown

in Figs. lb.3.(a) to (d).

All the graphs have positive ordinates between 2 to 2b hr.

which shows that the peptides all contain iodotyrosyl residues:

no iodopeptide on the map gave a curve with negative ordinate as

was found with iodothyronines in Fig. lb.l. High values Of A125!/131!
indicate readily iodinated peptides. Position of the peak shows

whether the iodopeptide is stable or turns over rapidly (Roholt

& Pressman, 196?)♦ There are too few points to draw firm conclusions

from the curves, but some idea of iodopeptide reactivity can be



Fig, 14.4, Peptide map autoradiogram of a chyraotryptic digest

of heat-denatured rat thyroglobulin doubly-labelled

in vivo with iodine-111 for 24 hr. and iodine-125 for

5 hr. Electrophoresis at pH 6.5 was followed by BOA

chromatography.



peptide mapping (Fig. 14.4., pH 6.13/BDA). A W5I -

M»X/1511 in spot minus U5i/ls*I i** untreated thyrogloouiin
(see section 14.1.). Abscissa is time after iodine-125
injection.
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gained.

Most of the curves reach a maximum near 5 hr. as was found

for the released iodotyrosines. Spots which reach a maximum after

5 hr. in Fig. lb.3. are all the curves in (a)j, 01 & 02 in (b);

12, S3 A Nb in (c). These might he diiodotyrosyl peptides, or

slowly iodinated raonoiodotyrosyl ones. Spot Kb (Fig. lb.3.(e))

might he a stable monoiodotyrosyl peptide. Iodopeptide8 CI and

C12 (Fig. lb.3.(d)) reach maxima before 2 hr.: the shape of the

curves indicates that they turn over rapidly and they may be monoiodo-

tyroayl peptides. Peptides Aid, A10, H6, C3, C6 & Cll are highly
125

labelled with I and are probably readily iodiaated.

B. Electrophoresis at pH 6.5 followed by BDA chromatography.

The chymotryptic digest of 5 hr. [1,-^l]-thyroglobulin was peptide

mapped (Fig. lb.b.). All four preparations gave identical iodopeptide

maps, and iodopeptidee are better separated in BDA than in BA solvent

(Fig. lb.2.). Figs. lb.5.(a) to (f) show that most of the iodo¬

peptide curves have maxima near 5 hr. and most peptides are highly

labelled with ^'i. Spots A26, A29 and A31 (Fig. lb.5.(d)) reach

a maximum after 5 hr. while CI (Fig. lb.5*(f)) turns over rapidly

as was found with CI and C12 in A, above. (N.B. Identical numbers

on pH 6.5-BA and pH 6.5-BDA iodopeptide maps do not refer to the

same peptide). Bo iodopeptide was present which gave a curve with

negative ordinate.

The curves showing relative rates of iodination in A and

B, above, are not markedly different. This is possibly due to

heterogeneity of iodination of thyreoglobulin pools within the thyroid

(see Hunez et eJL. 1966 i Bobbins, Salvatore, Vecchio & Ui, 1966)i



Table14,2.

Iodoaminoacidcompositionofselectediodopeptides.Chyisotrypticiodopeptidesof5hi",and2Hhr.[ -thyreoglobulinpreparationswereseparatedbypeptidemapping(Fig.lH.-H).Elutedpeptideswerehydrolysed usingpepsinfollowedbypronaseplusasourceofthyroidalproteases.ResultsfromBAandBDAchromatograms areexpressedasapercentageoftheoriginal[12**I]-radioactivityofthyreoglobulin. Percentoftheoriginal[]-radioactivityofthyroglobulin
Peptide

'Tinspot

OriginCbdaJ"
Iodide~

" MIT

Blf"

T¥

T3

II"+Ioo's

ba-sfmai

07(2Uhr.)

5.*

-

3.5

0.20

0.17

0.09

0.05

U.O

0.U6

A5(5hr.)

2.k

0.1»5

0.08

0.53

1.1

-

-

1.7

-

A22(5hr.)

2.0

-

0.05

l.fc

O.lfc

0.03

-

1.6

0.23

A23(5hr.)

1.8

-

trace

1.1

0.09

0.05

-

1.2

0.29

A25(5hr.)

2.6

0.99

0.17

1.3

0.23

trace

trace

1.8

0.13

A26(5hr.)

3.1

0.15

0.17

0.08

2.k

0.0U

trace

2.7

0.23

N8(5hr.)

1.8

0.16

0.17

0.53

0.15

0.0o

0.36+

1.3

0.26

C3(5hr.)

1.1

0.15

0.07

0.3U

-

-

-

0.91

0.12

C12(5hr.)

1.0

0.10

0.06

0.0H

0.3*3

0.05

0.02

o.6o

0.18

•IodothyroninematerialattheBAsolventfront. ,fProbablycontainsotheriodocompoundsaspeakwasspreadover10cm.ontheBDAchromatogram.
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alternatively it could aria© if the peptides contained sore than

one iodoamino acid. A thyroxyl peptide would be expected to have

a negative ordinate aa was found in Fig. Ib.l., but it is probably-

obscured by iodotyrosyl residues in the aawe peptide. The iolo-

peptide map of a gel filtration fraction rich in thyroxine (Figs.

13.3. i> 13.b., Peak 3) carried three intense spots, A25, A26, and

A31, and a leas intense spot N8. These spots in Fig. lb.b. might

therefore be rich in thyroxine,

lb.b. Exainination of selected chyaotryptic iodopeptidea.

Chyaotryptic iodopeptides fron the pH 6.5-BDA peptide maps

(B, above) were examined. Spots A5, A22, A23, A25, A26, 38, C3

and C12 from the 5 hr.-[l£"^ peptide map and spot 07 fron the 2b
hr.- [I25l] peptide map were elubed, concentrated, and freeze dried

(less than 2% of the radioactivity remained in the pulp after elution).

Moat of the iodine-131 had decayed by the time those experiments

were performed.

Total hydrolysis. Samples of each iodopeptide were hydrolyaed

using papain followed by pronase plus a source of thyroidal proteases.

Results of BA and BDA chroaatograias are shown in Table lb.2.. expressed

as a percentage of the original ["^l] --radioactivity of thyroglobulin.

Iodoamino acids plus iodide in the hydrolysates only accounted

for 70-80£ of the total radioactivity on the chromatograraa, except

spots A2& and C3 where the value was nearer 85#.

07 contained 63% iodide and also ajasll amounts of the four

iodoamino acids. Most of the peptides contained only minute amounts

of iodothyroniaea, although the 3A solvent-front material suggested

that this was perhaps due to incomplete hydrolysis. No peptide



Table 14.2

Paper electrophoresis of chyraotrjrptic iodopeptides isolated by

peptide mapping (Pig. ll*.l*.). Distance of migration of centre of

spot from the origin (0): towards anode (+) and towards cathode

(-). Str. indicates streaking of a radioactive peak, ij
-radioactivity in each peak is given as a percentage of the total
on the paper after electrophoresis. Percent of iodide lost was

obtained by counting the strips before and after electrophoresis
(iodide travels off the anode end of the paper). Electrophoreeis
was carried out in O.lM-barbital-HCl buffer, pli 3.2, for 2 hr. at
35 v/cia. and 36 mA/cm. at 7°'- origin at 35 cm. from anode.

cm. from % in Iodide cm. from % in Iodide

Samp]Le origin peak lostQC) Samplei origin peak lost(%)

T3, TU 0 carrier A25 0 3

KIT + 8.7 carrier ♦ 8.5 8

DIT ♦13.1* carrier +13

♦16.5
31

1*2 34

07 0 33 A26 0 5
♦ 7Str. 22 62 ♦16

+21

76
8 2k

A5 ♦ 2 17

+ 7.5 0 N8 0 10

•*•10.5 6 + 33tr. 69 1*6

♦16.5 51

♦20 7 0 C3 - 1

♦ 1*
65
15 32

A22 0 1*

♦ 9 7 C12 0 5

♦15 60 ♦ k 1*3
+21 9 18 ♦lOStr.

+2H

20

6 0

A23 0

♦17

+22

I*

7U
6 29
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contained a significant amount of the thyroxine originally present

in tfayroglobulin. Peptide A5 contained a Itl molar ratio of mono-

to di-iodotyros ins. A22, A23* A25* C3 and $3 appear to he monoiodo-

tyrosyl peptides, while A26 and C12 may he diiodotyrosyl peptides.

■Electrophoresis at gH 8.2. Fairlsy (l966) used electrophoresis

at pE 8,2 in 0. lM~harbiial~IICl buffer to purify iodopeptide spots

and determine whether they were homogeneous. Samples of the above

unhydrolysect iodopeptides were electrophoreses, at pH 8.2. Table

lfe.3. shows the distance migrated from the origin and the percentage

of radioactivity in each peak. Iodide lost during electrophoresis

was obtained by difference between radioactivity on the paper before

and after electrophoresis: no allowance was made for absorption

of radioactive emissions by the paper.

Peptide 07 is deiodinated during electrophoresis and the

streak at about +? cm. is probably iodide (cf. section 12.3.3.).

A22, A23 and A26 contain only one sharp peak of radioactivity and

less iodide was lost than from the other electropherogras® • Two

peaks were present in A3* A25, Ii8, C3 and C12, which would account

for more than one iodoamino acid in these spots after total hydrolysis

(Table 1*».2.).

piscuoaioh

houble-labailing of thyroglobulin in vivo with two iodine

isotopes showed that relative rates of formation of iodotyroayl

and iodothyronyl residues were different, but no precursor-product

relationship between mono- and di-iodotyrosine was obtained. This

may be explained by heterogeneity of thyreoglobulin and its turnover
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within the thyroid as waa discussed in the Introduction (section

1.). For a similar reason chymotryptie iodopaptides did not show

marked differences between their relative rates of turnover (see

also Simon, IS^h). This might have been due to more than one iodo-

cyrosyl residue in the peptide or to two overlapping iodopeptides

on the map. Mo iodcpeptid© had the same relative rate of formation

curve as the iodothyronines released by total hydrolysis of thyro-

globulin (Fig. 1*1.1.). Any iodotyroayl residue present in the

same peptide would obscure the relative rate of formation of thyroxine.

Total hydrolysis or further purification by electrophoresis

at pM 8.2. of selected iodopeptides confirmed that some of the

peptides that contained sore than one iodoamino acid residue arose

from two overlapping ioaopsptides on the map. Mo peptide rich

in thyroxine was found, although several peptides contained traces

of thyroxin® after hy^ulysis.

Heterogeneity of thyroglobulin-iodine might give rise to

a variable specificity of ehyaotryptic hydrolysis, although Sdelhoeh

& Lippoldt (1962) showed that quite high levels of xodination of

thyreoglobulin did not affect tryptic digestion. Other possible

reasons for the apparent absence of a thyroxyl chymotryptic iodo-

peptide have been presented in sections 9., 12.2. and 12.3*, and

deiodinetion during electrophoresis may be causing loss of thyroxine-

iodine.



Note.

It was assumed that radioiodine entering the thyroid equilibrated

rapidly vith stable iodide. Doses of 12^I injected at different

times before death of the rats were calculated to yield the same

final specific activities in the four thyroglobulin preparations.

This was not completely achieved, however, as the 125jy*31j ratioa

in the four thyroglobulin preparations were:

3.02 (2 hr.); 3.99 (5 hr.); 3.60 (12 hr.); 2.17 (2k hr.).

This is due to differences in uptake of radioiodine by the thyroids

(see Table lU.l,). A strict comparison of the results from the

four preparations would therefore be obtained by plotting 125j^131j
125 131in compound ♦ "i/ I in thyroglobulin against time. Results

for the liberated iodoamino acids are plotted on this basis below.

The shapes of these curves and those shown in Fig. lH.l. are not

substantially altered. The conclusions reached in this section

are thus unchanged.
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. O&JERAL DISCUSS10J,

The aim of this work was to isolate and study a thyroxyl

peptide from thyroglobulin. This approach was necessary because

the molecular weight of 660,000 precluded a complete amino acid

sequence study of the protein for the present. Isolation of a

peptide containing a substantial portion of the thyroxine of thyreo¬

globulin would show that there is at least one specific site for

thyroxine formation in the protein. A study of the amino acid

sequence of the peptide would then indicate whether any apecific

feature of the primary structure is responsible for this unique

property of thyroglobulin (see section 1*).

Preparation of thyroglobulin. Choice of experimental animals was

dictated by the ease of preparation of reasonably large (mg.) quan¬

tities of in wiwo radioiodine-labelled, pure thyroglobulin. Rats

or rabbits were used in this study, and the former animals, maintained

on an iodine-deficient diet, provided radioiodine-labelled thyreo¬

globulin of high apecific activity.

Limitations of the various methods of purification of thyreo¬

globulin (the 1% ultraeentrifugal species) were discussed fully

in the Introduction (section 1.). Ammonium sulphate fractionation

and DEAE-eelluloae chromatography were examined, bub during this

investigation Salvatore et ai. (1964) published superior methods

of obtaining large batches of ultracentrifugally homogeneous thyreo¬

globulin. Spiro (1961) suggested that the ultraeentrifugal hetero¬

geneity of thyroglobulin was largely physical rather than chemical

in nature. The work of Edelhoch (1965) tended to confirm this,

and most of the ultraeentrifugal components are likely to be
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subunits or aggregates of 19S thyroglobulin (Bobbins & Hall, 1967;

Thomson & Goldberg, 1968). A small amount of Icw-molecular-veight

components might not be subunits of thyroglobulin, however (Bobbins

b Rail, 1967).

A crude preparation of thyroglobulin was obtained by eentri-

fugation of a thyroid homogonate at 125,000 g to remove partic¬

ulate cell-fractions. Most of the protein present appeared to

be 198 tbyroglobulin plus its subuniti and aggregates (section

U,*u). Thyroglobulin contains 90-98? of the thyroidal iodine (Edelhoch

& Rail, 196H), so it was considered unlikely that minor iodoprotein

contaminants would affect the isolation and purification of a thyroxyl

peptide from the crude thyroglobulin.

lodopeptidea from thyroglobulia and thyroidal proteolytic enzymes.

Production of chyraotryptic or tryptic peptides from proteins has

the advantage that the specificity of these enzymes is fairly high

and hydrolysis is therefore controlled and is reproducible (Leggett

Bailey, 1962). These advantages would be lost if thyroglobulin

was contaminated by thyroidal proteases and peptidases (McQuillan

et al. 195^, Jablonaki & McQuillan, 1967, Pastan Ss Alsaqvist,

1986a,b). The thyroidal enzymes would augment hydrolysis by trypsin

or ehymotrypsin in a random manner.

In preliminary experiments chymotryptic or tryptic iodopeptides

were separated by chromatography on paper (section 7.1.)• These

studies showed that thyroidal proteases degraded thyroglobulin

to free iodoaraino acids unless they were first denatured by heating.

He&t-denaturation at 30° for 5 min. was shown to destroy the thyroidal

proteases and peptidases (section 10.U.1.)• This treatment also
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increased, the susceptibility of thyreoglobulin to ehymotryptic hydrolysis,

when about 550 bonds were split in 3 hr. compared with about kOO

in the native protein (section 6.2*2.2.)* The actual number of

bonds split by chyraotryptie hydrolysis corresponds well with the

theoretical number of sites of hydrolysis, 1*90, based on the primary

specificity of the enzyme and amino acid analysis of thyroglobulin.

(See Fairley (i960) for a similar study and results of tr/ptic

hydrolysis). Beat-treatment also destroys thyroidal deiodinases

(Stanbury, i960).

Separation of iodopeptides. Initial separations of ehymotryptic

iodopeptidea by successive chromatography, elution and rechrom-

atography in different solvents was not continued as the iodopeptides

were deiodinated by excessive exposure to oxidising conditions

(Taurog, 1963).

The pK of dissociation of the phenolic hydroxyl groups of

tyrosine sad thyronine decreases with increasing ortho substitution

of iodine (Edalhoeh, 1962). A peptide mapping technique (section

7*2.2.) was developed to exploit this difference between iodopeptides

and separate them on paper according to their overall charge.

Autoradiography ems used to detect only iodopeptides on the map.

If iodination of thyroglobulin is not specific for certain tyrosyl

residues in vivo, one might expect a very large number of iodo¬

peptides on the map (see section 1.).

Total hydrolysis of thyroglobulin or iodopeptides. Technical diffic¬

ulties in the estimation of thyroidal iodoamino acids by total

enzymie hydrolysis and chromatography have been emphasised by Plaskett

et al. (1963a,b) and Rosenberg k LaRoche (196b). Panereatin, and
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raere recently pronase, were UMd by various workers to hydrolyse

thyroid hoaugenatas. The reported superiority of pronase over

psacreatin hydrolysis waa confirmed (section J*),

Pops in hydrolysis was also examined in an attempt to improve

hydrolysis further by exploiting the acid pH optimum of thyroidal

proteases (McQuillan <rfc al. 195^i Jabloaski 4 McQuillan, 19<"7)•

There was no indication that the thyroidal easyaea augmented hydrolysis

by pepsin. However, pepsin was shown to release virtually all

the iodotayrouiuea from thyroidal iodopretain, but about half of

the iodotyrosinee remained in peptide linkage (section $.). Earlier

workers did not show preferential iodothyrenin.5 release from thyro-

globuliu with pepsin (see section 5., discussion).

Studies on peptic hydrolysis of synthetic substrates (Jackson,

Schlaaowits & Shaw, 1965 j Inouye, Voyaic^, Delpierre & i'ruton,

i960) indicate that the active site of pepsin requires a non-polar

group on either side of the bond to bo split; charged groups near

the pepsin-sensitive bond influence hydrolysis by inhibiting either

binding or catalysis. Ihe results of peptic hydrolysis therefore

suggest that the iodotisyroniaea are bound to other hydrophobic

residues in the thyroglobulin molecule (see also Tang, 1963).

Virtually complete hydrolysis was achieved using pepsin followed

by pancreatic or proaase, but these results were not superior to
av''

those obtained with the latter enysa© alone. It should be emphaslsed

that thyroid hoaogonatea or crude thyroglobulin preparations were

hydroly«od in the above experiments.

Heat-denatured thyreoglobulin was incompletely hydroiyaed

using the above procedures. Addition of a fresh thyroid homogenste
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as a source of thyroidal proteases was essential in order to augment

hydrolysis hy pronase or pancreatin and to obtain virtually complete

iodoainino acid release. In the presence of thyroidal proteases,

pronase hydrolysis of heat-denatured thyroglobulin was superior

to the pepsin/pronase combination, and the latter was better than

pancreatin (section 10.U.2.).

Conditions for hydrolysis of chymotryptic iodopeptides were

also examined, as pronase plus a source of thyroidal proteases

did not give complete iodoaiaino acid release. Pepsin, or Heliease

(a snail enzyme-preparation), followed by pronase plus a fresh

thyroid homogenate gave more complete hydrolysis than any of the

other enzymes or hydrolysis procedures examined (section 11.). Possible

reasons for these rather surprising findings have bean discussed

in the separate sections (5«, 10.^.2., 11.).

Incomplete hydrolysis might be due to resistance of prolyl,

aspartyl or eystinyl bonds to pronase attack (Hiramatsu, 19^7),

or carbohydrate units of the glycoprotein may prevent access of

the enzymes to peptide bonds (Cheftel et al. 19oU; Murthy at al.

1965). Chymotryptic iodopeptides might also be resistant to further

enzymic digestion (Smyth & Utsumi, 1967). As hydrolysis of thyreo¬

globulin in the thyroid is essential for release of the iodine-

containing thyroid hormones, it is not surprising to find that

the thyroidal proteolytic enzymes augment hydrolysis in vitro.

These enzymes are probably quite specific for hydrolysis of thyro¬

globulin (McQuillan et al. 195*0«

The term 'total hydrolysis' of thyroglobulin has been used

to signify attempts to achieve maximum release of iodoamino acids
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frojc peptide linkage. Peptide napping of hycirolysato constituents

revealed that some peptide material still remained, however (sections

8. 6 10.4.2.3.). This also emphasises the 1 irritations of oaa-

dimensional chroaatograpay in estimations of iodoamino acids released

by enxymic hydrolysis (cf. Ploakett et al. 1963a,b).

Splitting and blocking of diaulphide bridges. Small aubunita of

thyroglobulin should be easier to handle than the large native

protein, and unfolding of the polypeptide chains by 8.S rupture

should facilitate partial or total ensymic hydrolysis. Ho free

thiol groups were detected in the protein, in agreement with other

workers (de Croabrugghe et al. 1966; Holland et al. 1966). Methods

of splitting the approximately 100 diaulphide bridges were examined.

Perforate acid oxidation resulted in excessive deiodination

and was not used. Sulphitolysis and S-sulphonation of thyrcglobulin

was carried out successfully, and also reduction by 0-mereapto-

ethanol sad blocking with staylaniaine. Under the conditions of

enzymic hydrolysis of thyroglobulin or iodopeptides, the sulphite

ocr amino groups introduced were charged (at about pH 8). This

sight account for incomplete hydrolysis of the S-sulphonated or

S-(0~8»inoethylaked) thyroglobulin (sections 10.2. 6 10.3.). It

was mainly because of ease of hydrolysis that heat-denatured thyro¬

globulin was used in future work.

Isolation and examination of iodopeptides. Thyroxine contains

about 15# of the total radioactivity of rat thyroglobulin 24 hr.

after radioiodine injection. If thyroxine synthesis occurs at

cms or a few specific sites in the protein, then one would expect

a high proportion of the total radioactivity in a peptide containing

thyroxine.
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Earlier iodopeptide naps of tryptie or chymotryptie peptides

(section 9.) contained kQ~55% of the total radioactivity in origin,

near-origin and iodotyrosine spots. Other spots on the map con¬

tained ljS or less of the total radioactivity. "This might he due

to partial non-specificity of iodination in vivo, hut the small

total number of spots on the map did not favour extensive random

iodination (cf. Sdelhoch, 1962; Sdelhoch & Lippoldt, 1962). The

reproducibility of iodopeptido maps also confirms the in vitro

studies of van Zyl & Edelhoch (1967) and Edelhoeh h Perlman (1968)

that only certain tyrosyl residues in thyroglobulin can be iodinated.

Low activities in iodopeptide spots may have been due to incomplete

hydrolysis of certain peptide bonds or an 'irregular* specificity

of chymotrypain (Smyth Si Utsumi, 1967)* The large amounts of free

iodotyrosines in these peptide mapped thyroglobulin preparations

were found to be a product of contaminating thyroidal proteases:

they were destroyed by heat-denaturation in later work.

Electrophoretic separation of chymotiyptic iodopeptides showed

that most of the thyroxyl peptides remained at or near the origin

(section 12.1.). However, only one-third of the total thyroxine

applied was accounted for, and this may have been due to electrolytic

deiodination of thyroxine or to incomplete hydrolysis of the iodo-

peptidea, Reproducible ehymotryptic iodopeptide maps of heat-

denatured rat thyroglobulin ware prepared in section 12.2.1* Total

hydrolysis of isolated iodopeptides showed that a. at of them contained

both mono- and di-iodotyrosine. This may have been due to two

overlapping peptides on the map, or to two iodoamino acids in one

peptide (i.e. the bond adjacent to one aromatic residue was not
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hydrolysed "by chyiaotrypsin). Examination of io&opeptides from

the aap by electrophoresis at pH 8.2 showed that "both explanations

were tenable (section lU.3.1.» Fairiey, 1968).

Several iodopeptides from the peptide asps were found to

contain some thyroxine but no one peptide contained a substantial

proportion of the original thyroxine of thyroglobulin. Son-speeif-

icity of ehymotryptlc hydrolysis or non-specific sites of thyroxine

synthesis in thyroglobulin would account for these results.

Gel filtration was examined in order to obtain a peptide

fraction rich in thyroxine that could be further fractionated by

other techniques. A large chyraotryptic iodopeptide fraction was

found to contain about half of the original thyroxine (section

12.3.). This fraction was heterogeneous and contained a high prop¬

ortion of basic amino acid residues. Gel filtration on a "calibrated"

'Sephadax G-50* column (Andrews, 1964) indicated a molecular weight

of about 1#0Q0 for the heterogeneous fraction. Thyroxine (mol.

wt. 7T7) migut therefore be present in a di- or tri-peptide. This

fraction was peptide mapped and a spot containing 1/I7ta of the

original thyroxine of thyroglobulin was obtained (section 12.3.4.).

Low yields of thyroxine might be due to resistance of the iodo¬

peptides to complete enzyme hydrolysis, or to deiodlnation during

electrophoresis. Deiodination alone would account for all the

thyroxine that is apparently 'lost' during peptide mapping (section

12.3.), but incomplete hydrolysis is also a,, important factor.

A double-isotope labelling technique was examined in an attempt

to differentiate between the relative reactivity of different tyrosyl

residues to in vivo iodination (cf. Roholt & Pressman, 19&7)• So
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significant difference was found between most of the iodopeptides.

This was probably because of heterogeneity of the iodopeptides

on the map (vide supra) and heterogeneity of thyroglobulin-iodine

in vivo (see section 1.). No iodopeptide showed the same relative

rate of labelling as free thyroxine (obtained by total hydrolysis

of thyroglobulin). This indicates that either a thyroxyl peptide

also contains at least one iodotyrosyl residue, or thyroxine is

preferentially deiodinated during electrophoresis#

Percentages of total radioactivity incorporated into the

iodoasdno acids at different time intervals after injection of

iodine-125 were shown in Table lk.l. Thyroxine and triiodo¬

thyronine percentages increased up to 2k hr. after radioiodine

injection, in agreement with other workers (Pitt-Rivers, 1962,

Means et al 1963; Plaakett et al. 1963b). The percentages of

iodoamino acids and the decreasing ratios of mono- to di-iodotyrosine

with time were similar to the results of Michel (1956), Taurog

et al. (1958), Pitt-Rivers & Tata (1959), Pitt-Rivers (1962) and

Means et al. (1963). These results are in contrast to those where

iodotyrosine ratios were constant, or showed no clear trend with

time (Bois & Larsson, 1958; DeGroot & Davis, 1961; Plaskett et
> ' » . -• i ■ . . '• : 1 • , ;iJ I •' •' > - 1, t

al. 1963a; Verain et al. 1961). These different results can be

explained by heterogeneity of thyroglobulin-iodine and its rates

of turnover in vivo (see section 1; Plaskett et al. 1963a). Dietary

iodine may also affect the iodotyrosine ratios (Plaskett et al.

1963a).

Radioiodine exchange. The thyroxine-radioiodine was increased,

relative to the total radioactivity of thyroglobulin or iodopeptides,

by exchange of radioiodine with stable iodine under suitable
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condition# (section 13)* The preliminary results indicate that

this technique should be useful in future work on isolation and

purification of a tbyroxyl peptide* It should also oinisiise radio-

iodine losses duo to deiodiuation during electrophoresis* At this

stage, there was no definite evidence that a particular iodopeptide

co the nap of "^l/^I-exehaaged efcyaotryptic peptides was rich

in thyroxine. However, a spot suspected to be rich in thyroxine

(frost other peptide mapping experiments) increased in intensity

after exchange.

Conclusions. Xodination of tfcyroglobulin in vivo is relatively

specific ss only a small number of iodopeptides were detected on

peptide asps. This confirms in vitro results which surest that

only certain tyrosyl residues of thyroglobulin can be iodinated,

and that the protein structure is responsible for controlling the

amounts of iodotyrosyl residues formed (Edelhoeh & Periston* 1968).

If this Is so for the iodotyrosyl residues* it is possible that

thyroxin# synthesis is also controlled by thyreoglobulin structure.

A coupling eaxyjae is not likely to bs involved (stanbury, 196?),

and recent discovery of a coupling defect associated with abnormal

fores of thyreoglobulin suggests that the protein structure is essential

for thyroxine synthesis (see Murray &> MeGirr, ISX&i Gtanbury*

1967, Falconer, 1967).

Thyroylobulin is the only protein known that will give hi#

yields of thyroxine for a low level of added, iodine (van 2Syl &

Bdelhoch, 1967)* The 660,000 molecular weight protein only contains

frost 2-5 tbyroxyl residues (Bobbins 6 Rail, XSMST)* which also suggests

a hi# specificity of thyroxine synthesis in thyreoglobulin.
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Gel filtration of chjrcaotryptie iodopeptidea yielded a thyroxine-

rich fraction containing about half of the original thyroxin® of

thyreoglobulin. Thyroxine has also bean obtained in increased concen¬

tration in specific tryptic peptides of thyroglobulin (J.T. Dunn*

quoted by Btanbury, 1967). These results suggest that thyroxins

synthesis occurs at a few specific sites in thyreoglobulin.

In this work inability to demonstrate a single thyroxyl peptide

containing a large proportion of the total thyroxine nay hare been

due to several technical factors, or to non-specificity of thyroxine

biosyntaeais in thyreoglobulin. Heterogeneity of thyrc-globulin

would not seriously affect the isolation of a thyroxyl peptide

if thyroxin© biosynthesis is specific. Irregular specificity of

chysotryptie hydrolysis* preferential deiodination of thyroxine,

or incomplete total ansysdc hydrolysis of iodopeptidas would all

result in apparent loss of thyroxine. These three possibilities

have been considered and indirect evidence suggests that tb-sy are

all likely to contribute to the results obtained.

Peptide mapping of the io&opeptide fraction rich in thyroxine

yielded a peptide containing l/l?th of the original thyroxine of

thyroglobulia (Table 12.lit.). Other iodopsptides examined con¬

tained significantly less thyroxine than this peptide. lodins-

exchsnge resulted in a relative increase in intensity of a spot

in the position of this 'thyroxyl peptide* on the peptide nap,

although the spot was not. further identified by elation and hydrolysis.

Difficulties experienced in hydrolysis of iodopaptides were

partly overtone, but hydrolysis was still not 100£ complete. The

spectrophotometric nethod of Sdelboch (1962) for estimation of
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iodoamino acids was briefly examined (not reported here). Technical

difficulties prevented its application in this work, however. Deiodin-

atioa during electrophoresis might be avoided in future work by

using ion-exekaag© chromatography for separation of iodopeptides»

rather than peptide mapping. Tryptie hydrolysis, which is more

specific than chymotryptic hydrolysis, might also prove to be more

satisfactory in yielding a thyroxyl peptide.

The complementary study of in vitro thyroglobulin synthesis

in sheep thyroid slices by Fairley (1968) reached a stage where

iodopeptidea were separated and examined. The peptide mapping

procedure was not particularly useful in helping to identify a

thyroxyl peptide, or its precursor diiodotyrosyl peptide, as was

found in this work. Broadly similar conclusions to those presented

here were reached by Fairley (i960). However, the two studies

had not progressed far enough to enable the two approaches to converge

on a structural study of a purified thyroxyl or diiodotyrosyl peptide.

Finally, evidence to date from other laboratories suggests

that thyroxine biosynthesis occurs at relatively few specific sites

in thyroglobulin. These sites are probably in a hydrophobic environ¬

ment , and the protein structure is responsible for bringing two

iodotyrosyl residues close together and initiating coupling to

yield the iodothyronines. A thyroxiae-rich peptide fraction haa

been isolated in this work, and an iodopeptide that is relatively

rich in thyroxine (compared with other iodopeptides) was identified.

These results suggest that there are relatively few sites of thyroxine

synthesis in thyroglobulin.
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16. gggggAL COHCLUSIOil.

The object of this vork vm to isolate and purify & thyroxyl

peptide fro® thyroglobulia. An approaeu to a structural study

of the large protein could then be undertaken to obtain some indication

of the role of thyroglobulin primary structure In io&othyronine

biosynthesis.

Partial hydrolysis of in vivo radioiodino-labelled rat thyro-

glo'oulin with chyrotrypsin gave about 500 peptides. The numbers

were limited, however, by stuping only the iodopeptidas. A method

was developed for separating; the iodopeptides on paper, involving

electrophoresis in one dimension followed by chromatography in

the other (peptide mapping). This procedure separated the peptides

according to their overall charge, and also iodine-content in sense

eases, as the degree of iodination of tyrosyl and thyronyl residues

decreases the pk of dissociation of phenolic hydroxy! groups.

In vivo iodination of thyrogiobulia must be quite specific

as only about 60 iodopeptides were present on the peptide saps.

There are approximately 125 tyrosyl residues in thyroglobulin,

and if in vivo iodination was completely random then a very much

larger number of iodopeptidca would be produced. These findings

confirm in vitro results obtained by other workers.

Zt is essential to be able to determine the iodosuaino acid
I

content of iodopeptides, and also the starting material, when searching

for a thyroxyl peptide, i&usyme hydrolysis was used because chemical

hydrolysis resulted ia excessive deiodlnation. Virtually complete

enaymic hydrolysis of partially purified, heat-denatured thyro-

globulin with prouaae required the additional presence of thyroidal
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proteolytic enzymes (added as a fresh rat thyroid homogenate).

These procedures were inadequate when applied to hydrolysis of

a ehymotryptic digest of thyroglobulin or isolated iodopeptides,

however. Pepsin or Heiioaae (a snail enzyme-preparation), followed

by proaaac* plus a source of thyroidal proteases gave the best hydrolysis

of ehyaotryptic iodopaptides, but iodoamino acid release was still

not complete in every case.

Pepsin released virtually all the iodothyronine3 from peptide

linkage, but iodotyrosine release was incomplete. This suggests

that io&othyroninea are bound to hydrophobic residues in thyreo¬

globulin*

Two different methods of reduction and blocking of the 100

bisulphide bonds of thyroglobalin were examined. The bulky, charged

groups that were introduced prevented complete enzyme hydrolysis

of the peptides, so heat-denatured tbyroglobulin was used instead

of these preparation*.

Chymotryptic iodopeptides from heat-denatured thyroglobulin

were fractionated by gel filtration on 'Senhadcx G-50'. A pyridine-

amaonium bicarbonate-water solvent was used to minimise adsorption

of aromatic amino acids on the gel, and the column was calibrated

for molecular weight estimations. A thyroxine-rich iodopeptide

fraction was obtained, and the results indicated that this fraction

contained a thyroxyl fii- or tri-peptide (raol. wt. approx. 1,000).

CSiymotryptic iodopeptides on peptide maps contained mainly

one iodoamino acid, although some contained both iodotyrosines.

Several iodopeptides contained traces of thyroxine but none contained

a substantial proportion of the original thyroxine of thyroglobulin.
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However, a relatively thyroxine--rich iodopeptide waa isolated from

a peptide map of the gel-filtration thyronyl fraction. It only

contained l/17th of the thyroxine of thyroglobulin, though. This

may have been due to deiodination during isolation and to incomplete

hydrolysis of the peptide. A method of relative enrichment of

thyroxine-radioiodine by iodine- exchange was evaluated and showed

prospect3 of being useful in future work.

Attempts to determine which iodotyrosyl residues of thyro¬

globulin were preferentially iodinated in vivo were unsuccessful.

The double-ra&ioiodine labelling technique confirmed the results

of other workers that turnover and ioc.iaat ion of thyreoglobulin

are heterogeneous «

The results presented here suggest that thyroxine biosynthesis

does occur at relatively few specific, hydrophobic 3ites in thyro¬

globulin. A thyroxine-rich chyrotryptic peptide fraction was obtained

by gel filtration. An iodopeptide that was relatively rich in

thyroxine was isolated by peptide mapping, although it made up

only a small proportion of the total thyroxine of thyroglobulin.

Low yields of thyroxine were attributed to technical factors and

attempts were made to surmount these difficulties, with partial

success.

Future work on amino acid sequence of the thyroxyl peptide

and other regions of thyroglobulin is important. It should reveal

whether iodothyronine synthesis takes place by intra-molecular coupling

of two iodotyrosyl residues, or by reaction between a peptide-bound

diiodotyrosyl residue and a free iodotyrosyl derivative. The role

of the protein structure in iodothyronine synthesis and also any

possible control mechanism may then be evaluated.
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