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SCOPE OF THE THESIS

The enzymatic deiodination of thyroid hormone is an impertant process
since it concerns - among other things - the regulation of thyrocmimetic act-
ivity at the site of the target organ. To understand the mechanism of this
regulation it is necessary to have a detailed knowledge of the mode of action
of the enzyme(s) invelved in the metabolism of thyroid hormone. My investigat-
ions of the deiodination of iodothyrenines at the subcellular Tevel, forming
the basis of this thesis, are described in the appendix papers. It is not
intended to deal in extenso with the technical aspects of my studies in the
preceeding chapters. Rather it will be attempted to give a general review of
the Titerature including - with some emphasis - my own work.

Though not directly related to the subject of this thesis, the bio-
synthesis of thyrcid hormone in the thyrocid gland is treated in the first
chapter. This is dcne because of possible similarities between thyroid hormone
iodination and deiodination pathways, which are suggested by the Tinding that
some drugs nhibit both processes. In the same chapter the relationship
between iodothyronine structure and biological potency is described to illu-
strate that indeed deiodination has a dramatic effect on the activity of
thyroid hormone. Besides deiodination, other pathways of metabolism are also
considered.

The second chapter concerns the in vive investigation of thyroid hormone
deiodination under physiological and patholegical conditions. This includes
the effects of internal and external factors which affect deiodinatien, such
as dietary intake, drugs, stress and illness. Since much work has been done
to find an explanation for the effect of calerie restriction on deiedination
at the molecular level, the role of the diet is emphasized. This appears
particularly important since nutritional status must be considered to contrib-
ute to the change in thyroid hormone metabolism found in other situaticns,
for example in systemic illness.

The in vitro observations of the enzymatic dejodination of thyroid
hormone are described in chapter 3. A distinction has been made between
(early) reports on the analysis of jodide production using chromatography,
and (more recent) studies dealing with the detection of specific metabolites,
often by means of radioimmunoassay. My investigations which belong to the
latter category are presented in the appendix papers.

In the last chapter an attempt is made to relate the in vivo findings
{described in chapter 2) to the characteristic features of the enzymatic
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reactions as revealed by the in vitro experiments (described in chapter 3).
Especially the role of glutathione is emphasized with respect to changes in
thyroid hormone metabolism during fasting.
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1. GENERAL INTRODUCTION

1.1. Thyroid hormone biosynthesis

The principal secretory products of the thyroid gland are thyroxine
(3,3',5,5"-tetrajodothyronine, T4) and 3,3',5-triiodothyronine (T3). Under
physiological conditions and sufficient iodine intake they are synthesized
in the human gTand in a molar ratio of about 20:1. This is much higher than
the ratio of their blood production rates (approximately 3:1), indicating
an additional source for circulating T3. It is now well established that the
extra-thyroidal monodeigdination of T4 at the 5'-position (5'-deiodination}
is a major route of T3 production. For the isomer, 3,3',5'-trijodothyronine
(reverse T3, rTS), peripheral production by monodeiodination of T4 at the
S-position (5-deiodination} is even more important. Thyroidal secretion of
rTS and probably also of the Tower substituted icdothyronines is almost
negligible. Thus, in normal persons, total production rates for T4, T3 and
rT3 amount to about 115, 45 and 30 nmol/day, where thyroidal secretion
accounts for 100, 20 and 6%, respectively {Chopra et al, 1978a; see Table
1.1.).

Table 1.1. CONTRIBUTICNS OF THYROIDAL SECRETION AND PERIPHERAL PRODUCTION

TO TOTAL PRODUCTICN RATES OF T4, T3 AND rT3a.

Iodothyronine TJotal production  Thyroidal secretion Peripheral
{nmol/day per 70 kg production
body weight (%))

T, 115 115 (100) -
Ty 45 9 ( 20) 36 (80)
rTy 30 2 ( 6) 28 (94)

aData from Chopra, 1976; Chopra et al, 1978a (see alsc section 2.2.}.

Thyroxine is produced by coupling of twe diicdotyrosine residues within
the thyrogleobulin molecule. Thyroglobulin is a high molecular weight
{~660 000 dalton) glycoprotein. Its tyrosyl residues are iocdinated by a
process which requires the presence of iodide, hydrogen peroxide and thyroid
peroxidase {for a review, see DeGroot and Niepomniszcze, 1977). For the
mechanism of enzymatic jodination two hypotheses have been put forward. Both
models agree in that iodination does not involve the generation of a free
species of oxidized iodide, which subsequentiy reacts with tyrosyl moieties
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in thyroglobulin, Rather a ternary complex is formed composed of oxidized
iodide, thyroglobulin and peroxidase. The first modeil implies the cxidation

of iodide in the presence of H202 to the iodinium ion (I+}, and the enzyme-I+
complex formed is thought to be the active species in the jodination of tyrosine
residues. The second model implies a radical reaction. Abstraction of an elect-
ron from iodide and of a hydrogen radical from tyrosine yields two radical
species, I- and Tyr., which combine under formation of an jodotyrosyl residue,

R
56
e
HO CHy— CH - COOH
2
Ry
Compound R1 R2
Tyrosine (Tyr) H H
3-lodotyrosine (MIT) 1 H
3,5-Diiodotyresine (DIT) | |
Rpns' 6 RoNs 6
2
HO O CHZ—*CH——COOH
3 2
R3 Ry
Compound R] R2 R3 R4
Thyronine (To) H H H H
3~lodothyronine (3-Tq) 1 H H H
3'~lodothyronine (3'~T7) H H | H
3,5-Diiodothyrenine (3,5-T2) 1 1 H H
3,3'-Difodothyronine (3,3'~T2) | H | H
3',5'-Diiodothyronine (3',5'-Tp) H H | |
3,3',5-Triiodothyronine (T3} | | | H
3,3",5'=Triiodothyronine (rT3) 1 H | 1
1 1 | |

3,3',5,5' -Tetraiodothyronine (T4)
(thyroxine)

Fig. 1.1. Structures of tyrosine, thyronine and iodine-substituted derivatives.
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Iodination by either model yields 3-{mono)icdotyrosine (MIT), which by
repetition of the sequence is cocnverted inte 3,5-diiodotyrosine {DIT). These
residues are still contained within the thyroglobulin backbone. Addition of
two DIT moieties by a process which is not fully understood, but which is
probably alsc catalysed by the peroxidase, results in the formation of T4.
Apparently, production of T3 and r-T3 by cembination of MIT and DIT residues
as well as the addition of two MIT's to form 3,3'-diiedothyronine (3,3'-T
are less preferred. {For structures, see Fig. 1.1.). Coupling, therefore,
largely yields T4 moiecules still attached by their analine side chain te
the remaining of the thyrcglobulin molecule. They are released from the
protein by the action of lysosomal proteases.

The relative uniqueness of thyroidal mechanisms in the oxidation of
jodide and its subsequent incorpcration suggests that thyroid hormeone
synthesis may be blocked specifically by intervention with these reactions.
With regard to the subject of this thesis the effects of thioureylenes on
thyroid activity are worth mentioning. Two members of this family of com-
pounds, methimazoie and propylthiouracil (PTY; for structures, see Fig.
1.2), are frequently used in the ireatment of hyperthyroidism. They block
thyrcid hormone synthesis by inhibition of thyroid peroxidase. This results

2

in an impairment of both the iodination and coupling reactions. In vivo as

well as in vitro investigations have shown that methimazole is about 10 times
as active as PTU {Taurog, 1976). Studies by Cunningham (1964) and Jirousek
(1968) have shown that thioureylengs react specifically with protein-sulfenyl
iodides. This has resulted in the hypothesis (Jirousek and Cunningham, 1968;
Maloof et al, 1969) that iodination of thyroid hormone by thyroid peroxidase
invelves the formation of an intermediate enzyme-sulfenyl iodide (E-SI) complex.

I
N N R,
N | N |
~
U
5// N s T R
CH H
3 R1 Ra
2-mercapto-1- Sepropyl-2-thicuracil (5-PTU) ('.'3H7 H
methylimidazole . .
(methimazole) b-propyl-2-thicurgcil {(6=-PTU} H C3H7

Fig. 1.2. Structures of methimazole, 5- and 6-propylthicuracil.
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It has, however, been observed that thioureylenes also inhibit peroxidase
activity in the absence of I~ such as in the guaiacol oxidation assay
(Taurog, 1976).

The mechanism of action of these antithyroid drugs appears to be complex
and depends on the concentration of the drug reTative to that of jodide. In
the presence of high I” concentrations the inhibitor is extensively oxidized
and inhibition is only transient, whereas at low levels of 1~ little or no
oxidation takes place and inhibition is persistent (Taurog, 1976; Davidson
et al, 1978, 1979; Ldelhoch et al, 1979). In the first case inhibition is
believed to be due to competition of the drug with tyrosine for the active
E-I species (the oxidation state of iodine in this complex is not defined;
see above). In the second situation the inhibitor prevents this species from
being formed. Reaction of thioureylenes with the E~I intermediate could result
in the formation of the sulfenyl iodide (-SI) form of the drug and subseguent-
ly of other forms with oxidized sulfur, such as the disulfide (~S-5-), sul-
fenic (-SOH), sulfinic (-SC,H) and sulfonic (-SO05H) acid (Morris and Hager,
19665 Davidson et al, 1979; Lindsay et al, 1979).

HN H N
(@ E-1 + C=$§ —> E =+ C=sl
H N H,N
2N 2 HoNG NH,
(b) /c-5| + C=§ —» C-5-5-C + HI
N HZN/ N AN
H,N
" \C NH, HZN\
-S-S—C =
(e) P N ot NHEN 4 /c S
HN NH H,N

Fig. 1.3. Formation of formamidine sulfenyl icdide {a), formamidine disulfide
(b} and cyanamide (c¢) from thiourea by thyroid peroxidase-~iodine
{E-I) complex.

The above mechanisms do only partly hold for thiourea. In the absence
of iodide this compound is not inhibitory. In the presence of jodide the di-
sulfide is formed (via the sulfenyl iodide), which decomposes to cyanamide
{Fig. 1.3). The latter gives rise to an irreversible inactivation ¢f the
peroxidase. Inhibition of peroxidase activity by thiourea is, therefore,



twofold., Firstly, by competition for the E-I intermediate and, secondly, by
virtue of its conversion to cyanamide (Davidson et al, 1979).

The generation of the sulfenyl iodide form of the geitrogens would also
be difficult to reconcile with the formation of an E-SI complex as an inter-
mediate in the iodination process. In that case one would expect an enzyme-
thioureylene mixed disulfide to be formed (Cunningham, 1964).

Besides its inhibition of thyroid hormone synthesis PTU also has a pro-
nounced effect on peripheral thyroid hormone deiodination, which property
is not shared with methimazole. Results from in vitro experiments have led
us to suggest that enzymatic deiodination does involve the formation of an
intermediate E-SI complex (see chapter 3).

1.2 Thyroid hormone action: structure-activity relationship

Thyroid hormone is a major factor in the regulation of the resting
metabolic rate. The measurement of oxygen consumption has been used as a
test for thyromimetic activity of thyroid hormone analogues. Ancther test
on which structure-activity relationships may be based is the prevention
of goitre in experimental animals induced by thyroid-blecking agents (e.g.
PTU). In this geitre prevention test the activity toc inhibit the release of
thyrotropin (negative feedback) is measured. These and cther in vivo bio-
assays. are blurred in the sense that the metabolism of a substance may be
a major determinant in the response it elicits. This is of particular im-
portance in the estimation of the effect of T4, where the metabolically more
potent T3 is produced (for a review, see Jorgensen, 1976).

Recent studies have provided strong evidence that the first event in
the initiation of the response to thyrcid hormone is the binding to a
specific nuclear receptor (Oppenheimer and Dillmann, 1978; Samuels, 1978;
Latham et al, 1978). This leads to increased transcription rates and syn-
thesis of proteins involved in the metabolic response to thyroid hormone.
This sequence of events is similar to that reported for several steroid
hormones, except that in case of thyroid hormone no prior binding to cytosol~
ic receptors is required for binding at the nucleus {Docter et al, 1976).
0f a1l compounds tested so far, binding to the nuclear receptor has been
associated with a metabolic effect. The affinity for the receptor may there-
fore be taken as a measure for biological potency of thyroid hormone analogues.

A correlation of the in vivo activity of thyromimetic compounds with
their affinity for the receptor may be obscured by differences in metabolism,
in binding to serum proteins, in cellular uptake and in binding to intra-
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celiular sites other than the recepter. Nevertheless, Koerner et al {1975)
have damonstrated for a variety of thyronine derivatives such a correlation
to exist. In Table 1.2. the relative in vivo potency of the various iodo-
thyronines is compared with their relative affinity for the liver nuciear
receptor. For comparison the relative affinities for human T4-bind1ng glob-
ulin (TBG} are also given. Of the naturally circulating iodothyronines only
T4 and T3 appear to have significant biolegical activity, where T3 is about
5 times as active as TA' Since approximately 30% of T4 is converted into T3,
any in vive effect of T4 may be accounted for by its transformation into T3.
Thyroxine may, therefore, be regarded as a prohormone with little or no
intrinsic metabolic activity. Not cnly the low affinity of T4 for the
receptor, but also the finding that 90% of the endogenous thyroid hormone-
receptor complexes contain Tas while in the remaining 10% T4 is the 1igand
(Surks and QJppenheimer, 1977), are in agreement with this concept.

Table 1.2. BIOLOGICAL ACTIVITY OF THYRONINE DERIVATIVES AND THEIR AFFINITY
FOR PIG LIVER NUCLEAR RECEPTOR AND HUMAN TBG RELATIVE TO T4 {%)

Compound Biplogical activity Affinity
Antigeiter® 02~c0n3umptiona Receptor® TRGS
T4 100 100 100 100
T3 850 500 400 g
PT3 <0.2 <C.1 3 38
3,5*T2 7 5 3 0.07
3,3'~T2 ¢.5 <0.1 14 1.3
3',5'-T2 <0.01 <0.01 0.01 0.1
3-T1 <0.01 <0.01 - g.{5
3'-T1 <0.01 <0.01 - 0.025
TO - - - g

Data from aJorgensen (1976) ; bSmith et al (1980} ; CSngder et al (1976).

1.3 Pathways of thyroid hormone metabolism

The following reactions have been recognized in the metabolism of T4:
i) deiedination, §1) oxidative deamination, {ii) conjugation and iv) ether
bond cleavage (Fig. 1.4). Of these, deiodination is the most important path-
way, accounting for at least 60% of T4 turnover in humans. Similar fractions

of T4 are converted into T3 and rT3. However, dejodination is not a random
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process as has previousiy been suggested (Surks and Oppenheimer, 1971), but
production of T3 and rT3 may vary independently. Both T3 and rT3 undergo
further deiodination. The sequential deiodination of T4 in peripheral tissues
(Fig. 1.5} is thought to be mediated by two enzymes, i.e. iodothyronine 5-
and 5'-deiodinase (Schimmel and Utiger, 19773 Visser, 1978).

~{e @ @ {0

/ \\ / \,___‘_‘ 1

D@ ool oD

3.3°-Tp 5'72

O@ OO

yq
"o OOQ ¥
To

Fig. 1.5. Sequential 5-{,} and 5'-deiodination (™) of T4 (note that positions
3 and 5 are equivalent as are positions 3' and 3')

The alanine side chain of iodothyronines is subject to the action of
deaminating and transaminating enzymes. Oxidative deamination occurs in
several tissues and leads via pyruvic acid intermediates to the formation
of acetic acid derivatives {Van Middlesworth, 1974). In this way 3,3',5,5'~
tetraiodothyroacetic acid (tetrac} and 3,3',5-triiodothyroacetic acid (triac)
are formed. There is some controversy concerning the concentrations of these
compounds in the circuiation but these are certainly much lower than those of
T4 and T3. Of interest is the high biological activity of triac in several
test systems and its high affinity for the nuclear receptor (Goslings et al,
1878). The occurence of tetraicdothyroformic acid in rat liver has been
reported, which is also produced via the pyruvic acid analogue (Ramsden et
al, 1974). Thyroid hormone may take part in transamination reactions with
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enzymes in rat liver and kidney cytoplasm, which show preference for T3 above
T4. Surprisingly, the activity of these enzymes is stimulated by treatment

of the animals with rT3 (Fishman et al, 1977}. The extent to which degradation
of the alanine side chain contributes to the elimination of thyroid hormone
remains to be elucidated but is probably of minor importance (Pittman et al,
1980).

Sulfate and glucuronide conjugates of thyroid hormone are formed by the
action of enzymes located mainly in liver but also in kidneys {Van Middles-
worth, 1974). The conjugates lack biological potency and are excreted via
the bile. Some investigators have suggested that there is an "enterc-hepatic"
circulation of these conjugates, which would involve hydrolysis and sub-
sequently reabsorption inte the portal vene. The existence of such a cycle
has, however, been contested by others. Assuming that faecal excretion of
radicactivity after administration of labelled T4 is a measure of conjugation,
it has been shown that in humans 10-25% and in rats a somewhat greater fract-
ion of T4 is eliminated via this route. The remainder is excreted as iodide
into the urine, which is representative for the deiodination process.

There is much controversy about the occurrence and possible physiological
significance of ether bond cleavage as a pathway for thyroid hormone degradat-
ion (Van Middlesworth, 1974). Early studies of the in vitro dejodination of
radioiodine-iabelled T4 were hampered by nen-specific reactions Teading to
products other than T3 and rT3. In these reactions, which even occurred in
boiled tissue preparations, fodide was produced concomitant with destruction
of the thyronine structure. DIT was also produced in these circumstances
(see section 3.2.). Recently, the attention of investigators has again been
attracted to the possible occurrence of ether link cleavage. Balsam and
Ingbar (1978) have detected the formation of DIT in rat Tiver homogenate in
the presence of the catalase inhibitor 3-amino-1,2,4-triazole. This would
indicate that this reaction may be catalysed by a peroxidase, which is in
agreement with previous observaticns. The possible invoclvement of a peroxid-
ative mechanism was also suggested from studies by Burger and Alliod (1977),
who showed that this reaction is induced in leucocytes by phagocytosis. Be
it as it may, the consensus is that hydrolysis of the ether bond is only a
very miner pathway of T4 degradation in the organism.

1.4, Conclusions

The thyroid secretes mainly T4, a small amount of T3 and a negligible
amount of rT3. The major part of T3 and virtually all of rT3 is produced
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peripherally. Icdination of tyrosine residues in thyroglobulin and the sub-
sequent coupling of iodotyrosines to iedothyronines are both mediated by
thyroid peroxidase. The activity of this enzyme is inhibited by thicureylenes
(e.g. methimazele and PTU}. The formation of an enzyme-suifenyl iodide complex
as the active species in the iodination process appears unlikely. It is more
likely that iodination involves the production of radicals.

In several test systems the biological potency of T3 is much higher
than that of T4, while rT3 is devoid of activity. Most, if not all, of the
effect by T, can be accounted for by its conversion into T5. Besides the de-
jodination, iodothyronines are metabolised by conjugation to sulfates and
glucuronides, by oxidative deamination and possibiy to a very minor extent
by ether bond cleavage. Of these pathways peripheral deiodination is the
most important, accounting for at least 60% of T4 turncver. Thus, the biologic-
al effect of thyroid hormone is Targely determined at the level of peripheral
tissues. Conversion of T4 into T3 may be regarded as an activation step,
whereas by conversion into rT3 the hormone is irreversibly inactivated.
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2. THYROID HORMONE DEIODINATION -~ IN VIVO OBSERVATIONS

2.1. Introduction

3,3",5-Trifodcthyronine has been identified in thyroid extracts and plasma
by Roche, Michel and coworkers and by Gross and Pitt-Rivers {Gross and Pitt-
Rivers, 1952, 1953; Roche et al, 1952; Roche and Michel, 1954). Soon after its
isolation it was suggested (Pitt-Rivers et al, 1955) that at least part of Ty
was produced by peripheral deiodination of T4, which could not be confirmed in a
subsequent study (Lassiter and Stanbury, 1858). However, reports cn the stepwise
dejodination of T4 have continued to appear since then. These studjes alsc in-
cluded the possible formation from T4 of iodothyronines cther than T3 after
Roche et al (1956a) had shown the presence of rT3 and 3,3'--T2 in thyroglobulin.
Besides the demonstration of the formation of these compounds by isclated tissue
preparations {see chapter 3) several in viveo observations were also in Tine with
the concept that deiodination of T4 is an important pathway for the production
of T3, rT3 and lower substituted icdothyronines. Especially noteworthy in this
respect are the studies of Flock and collaborators, who reported on the product-
ion of 3,3'—T2 from T3 (Flock et al, 1960a,b), of rT3 and 3,3‘-T2 from T4 {Flock
et al, 1961), of 3,3'-T2 and 3'—T1 from rT3 and of 3'-T1 from 3,3'-T2 {Flock et
al, 1963) in dogs. The products were present in conjugated form in bile, plasma
and urine of normal and hepatectomized animals, althcugh deiodination was con-
siderably slower in the latter group. Production of 3,3‘—T2 from T3 in rats had
also been reported by Roche et al (1956b}.

Despite these reports this matter has been controversial for many vears.
This was mainly due to the lack of sensitive methods for the measurement of the
metabolites, forcing the investigators to rely on the use of radioactive iscotopes
and cumbersome chromategraphic techniques. A frequently encounterad problem was
the spontanecus deiodination during chromatography. These techniques have im-
proved in recent years and radicactive 3,3'-T2 and 3'-T1, and 3',5'—T2, 3,3'—T2
and 3’~Tl, together with their sulfo- and glucurcconjugates, have been isolated
from plasma after administration to humans of T3 and rTg, respectively, labeliled
with radioactive jodine in the phenolic ring {Rudolph et al, 1978; Sakurada et
al, 1978).

Measurement of plasma levels of the several metabolites had to await the
development of more specific techniques. In case of T3 some progress had been
made by adaption of the competitive protein binding assay for T4, in which chro-
matography, however, was still a critical step (Sterling et al, 1969). A major
breakthrough was obtained by the introduction of specific radioimmuncassays for



24

T3 {Gharib et al, 1971) and more recently for rT3 {Chopra, 1974), 3,3',T2 (Wu et
al, 1976), 3',5'-T2 {Burman et al, 1978), 3,5-—T2 {Meinhold and Schiirnbrand, 1978}
and 3'—T1 {Smallridge et al, 1579).

2.2. Deiodination under physiological conditions

There is general agreement in the literature concerning normal circulating
levels of T3 in humans (Chopra et al, 1978a). Less certainty exists about con-
centrations of rT3 in the plasma of normal subjects. This is, among cther things,
caused by the impurity of the rTB standards used in several laboratories and by
the cross-reactivity of endegenous T4 in the rT3 radioimmuncassay (Premachandra,
1978; Mathur et al, 1979; Meinhold and Visser, 1980). Even greater differences
in serum levels of 3,5~T2, 3,3‘-T2 and 3‘,5'-T2 in normal individuals have been
reported. In case ¢f the radioimmunoassay of serum 3,3'-—T2 it has been suggested
that part of the discrepancies is due to cross-reactivity by endogenous T3 (Vis~
ser et al, 1878b).

Calculaticn of the daily production of a hormone is generally carried out
by multiplying its plasma level with the metabolic clearance rate {MCR). The
Jatter is an estimate of the elimination rate of the hormone and may be derived
by several techniques. Preferably this should be done by noncempartmental analys-
is after a single injection of radicactive hormone or by the constant infusion
technigue (Cavalieri et al, 1971; Oppenheimer et al, 1875).

Table 2.1. MEAN SERUM CONCENTRATIONS, METABOLIC CLEARANCE RATES {MCR) AND PRO-
DUCTION RATES (PR) OF SEVERAL IODOTHYRONINES IN NORMAL HUMAN SUBJECTS

Iodothyronine Serum concentration MCR PR
{nmo1/1) (1/day) (nmo’l/day)
T, 110% 1.05% 115
T, 1.7-2.0° 20-26° 34-52
o 0.22-0.929 82-108° 18-98
3,5-T, 0.011-0.14%-% - -
3,3'-T, <0,018-0.329 560-930777 <10-300
3',5'-T, 0.012-0.12% &-m 160-300% -7 2-36
3'-Ty <0.06" - -

References: Visser et al, 1975b; bOppenheimer et al, 1975; cchopra et al, 1978a;
dPremachandra, 1978; eEngler et al, 1979; fMaciel et al, 1979a; gvds—
ser et al, 1978c; hGavin et al, 1978; l'c;e-c:a.la et al, 1979; jGaleazzi
and Burger, 1980; kBurman et al, 1978; lEngler and Burger, 1978;
Traber et al, 197%a; “smallridge et al, 1975.
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Mean normal plasma levels, MCR and production rates (PR} for the various
iodothyronines as reported from several laboratories are listed in Table 2.1.
Large variations are observed, especially for rT3 and lower substituted iodo~
thyronines, most of which appear to stem from uncertainties in normal plasma
concentrations. If the lower reported vaiues for serum rT3 (20 ng/100 ml; 0.3
nmol/1) are considered to be true, total PR of this metabolite would amount to
approximately 20 wg (30 nmol)/day. For T3 and T4 these values are approximately
30 ug (45 nmol)/day and 90 g (115 nmol)/day, respectively (standardized to 70
kg body weight).

Thyroidal secretion rates for T3 and rT3 have been calculated assuming that
their secretion (relative to T4) is proporticnal to their centent in thyroglob-
ulin. Estimations of TB/T4 and rTa/T4 raties in normally iodinated thyroglobulin
are 0.05-0.1 (Chopra et al, 1978a} and approximately 0.015 (Chopra, 1976}, res-
pectively, from which secretion rates of around 6 ug (9nmel) T3 and 1 yg (2 nmol)
rT3 per day, respectively, may be calculated. It therefore appears that direct
secretion by the thyroid accounts for about 20 and 6% of the daily PR of T3 and
rT3, respectively, the remainder being derived from peripheral conversion. Based
on similar considerations, Abrams and Larsen (1973) have calculated - using
estimates of T3 and T4 MCR by Schwartz et al (1971) - that in rats on a normal
icdine diet, 70% of T3 PR is derived from peripheral moncdeiodination of T4.
Caution should be appiied to the interpretation of these data since it has been
shown that part of T4 may be converted into T3 and rTB before secretion (Laur-
berg, 1980). Moreover, stimulation of the thyroid (Laurberg, 1980) and iodine
deficiency (Abrams and Larsen, 1973; Stevenson et al, 1974} lead to a prefer-
ential secretion of T,.

Nevertheless, the above results are in agreement with other approaches teo
assess the importance of thyroidal and peripheral mechanisms in the production
of iodothyronines. Firstly, similar figures were calculated by comparison of
serum T3 Tevels in T4-substituted athyreotic or hypothyroid humans (Braverman et
al, 1970, 1873; Surks et al, 1973; Nomura et al, 1975) and rats {lLarsen and Fru-
mess, 1977), with those in euthyroid subjects. Normal serum concentrations and
turnover rates of rT, have alsc been measured in T4~substituted subjects (Gavin
et al, 1977). Secondly, estimates have been based on the quantitation of radio-
active T3 in serum of humans (Sterling et al, 1970; Pittman et al, 1971; Inada
et al, 1875) and rats (Zimmerman et al, 1978; Boonnamsiri, 1979) after the ad-
ministration of Tabelled Td‘ Both kind of studies have yielded values for the
fractional conversion rate of T4 into T3 of 25-35%, and thus provided evidence
that about 80% of circulating T, s produced by monodeiodination of T4. Finally,
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the above findings were confirmed by the assessments of arterio-venous gradients
across the thyroid in humans. Westgren et al (1977a) found that T4, T3 and rT3
ware secreted in a ratio of 85:9:1, and similar observaticns have been made by
Hooper et al (1978).

less certainty exists about turnover rates of the lower substituted iodo-
thyronines. With respect to 3,5-T2 only preliminary figures concerning plasma
cencentrations have been published. Clearance rates have as yet not been estimat-
ed. Assuming the Tower reported values of 1-2 ng/100 ml (0.02-0.04 nmol/1) for
mean normal serum 3,3'—T2 to be real, an approximate PR of 5-20 ug (10-40 nmol/
1)/day may be calculated. Although most authors agree that mean rormal con-
centrations of 3',5'~T2 should be around 5 ng/100 m1 (0.1 nmol1/1), a different
figure of only 0.5 ng/100 ml (0.012 nmoi/1) has been published by Engler and
Burger (1978). In addition, MCR varies according to the author between 160-300
1/day. Production rate of this compound may, therafore, assume any value between
1 and 18 »g (2-36 nmol)/day.

In analogy with T3 and rT3 - that is, based on their content in thyroglobul-
in - it has been suggested (Geola et al, 1979) that the diiodothyronines are
secreted by the thyroid in insignificant quantities as compared to peripheral
productions. From the above it is clear that this suggestion should be consider-
ed premature. Nevertheless, several other observaticns (see section 2.1. and
below) peint to the peripheral stepwise deiodination of T4 as an important route
by which these compounds are produced. Among these are the measurements of serum
levels and daily turnover rates of 3,3'~T2 and 3',5'—T2 in athyreotic and hypo-
thyroid subjects on T, substitution, which were found to be comparable tc those
in healthy persons {(Burman et al, 1978: Gavin et al, 1978}. Morecver, production
from their direct precursors after administiration of unlabelled T3 and rT3 has
been detected by radicimmunoassay (Wu et al, 19763 Meinheld and Schiirnbrand,
1977; Chopra et al, 1978b; Geola et al, 1980; Laurberg and Weeke, 1980).

S$ti11 less is known about the PR of the monoiodothyronines and thyronine
(TO) itself. Recently, radioimmunoassays for 3‘-T1 have been developed and serum
concentrations therecf have been found to be undetectable in euthyroid subjects.
Its concentration was shown to increase after administration of 3',5‘-T2 (Small-
ridge et al, 1979). Production in humans of radioactive T0 from T4 labelled in
the phenolic ring with ¢ or in the alanine side chain with 3H was Suggested
from experiments by Pittman et al (1970). Its excretion into the urine has been
measured recently by a combination of gas chromatography and mass-fragmentography
(Willetts et al, 1979). The results showed that only 20% of daily T4 production
is excreted as thyronine into the urine. The fate of the remaining 80% remains
to be established.



Fig. 2.1. Approximate thyroidal and peripheral production rates (nmol/day) of
several iodothyronines in man.

If measurements of PR are to have any physiological significance it has to
be assumed that the distribution and elimination of administered hormone is
identical to that endogencusly produced. For the T4 metabolites no evidence has
as yet been presented that this is the case, and attempts have been made to
proof the contrary (Obregon et al, 1979). It is, therefore, not excluded that in
some cempartments products of T4 metabolism are further degraded before Teaving
these so-called "hidden” pools. Considering the different ways of distribution
between the several iodothyronines, this could mean that MCR, and therefore PR,
of metabolites may be underestimated substantially. (For a summary on thyroidal
and peripheral production rates of T4, T3, rT3 and 3,3'-T2, see Fig. 2.1.).

In vive investigations have not yielded clear indications as to the site of
thyroid hormone deicdination. From observations discussed in section 2.3.3. and
chapter 3 it is suggested that the liver and kidneys are important loci, but
contributions from other tissues cannot be excluded. In this respect findings
reported from the laboratery of Larsen are noteworthy. These workers studied the
relative importance of serum T3 and T4 in the negative feedback on TSH secretion
in rats (Larsen and Frumess, 1977). Indirect evidence was obtained for a major
role of serum T4 by the demonstration of a predominant binding of locally produc-
ed T3 to nuclear receptors in the anterior pituitary compared with T3 taken up
from the circulation. The reverse was found if the origin of T3 bound to nuclear
receptors in the liver was investigated (Silva and Larsen, 1977, 1978; Silva et
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al, 1978a; Larsen et al, 1979, 1880). Similar findings tc anterior pituitary
were reported for rat cerebral cortex and cerebellum (Crantz and Larsen, 1980).

z2.3. Factors affecting deiodination

2.3.1.1. Thiouracil derivatives

Thiourea derived compounds were introduced by Astwood (1943) as potential
drugs in the treatment of hyperthyroidism (see also Astwood et al, 1945). Mainly
two of these have found wide ¢linical appiication since then, i.e. methimazole
and 6-PTU. It was scon recognized that besides their goitrogenic activity (see
chapter 1), thiouracil (TU) derivatives aiso interfere with T, action (Andik et
al, 1949; Barker et al, 1949} and metabolism {Hogness et al, 1954; Kalant et al,
1955). It has been repeatedly demonstrated that TU derivatives inhibit the res-
ponse (i.e. oxygen consumption, TSH suppressicn, glycerol-3-phosphate dehydro-
genase activity, growth hormone secretion) in rats to Tg, but not to T3 (Jagiel-
1o and McKenzie, 1950; Stasilli et al, 1950; Escobar del Rey et al, 1962; Hsieh,
1962; Ruegamer et al, 1964, 1967, 1972; Hoffman et al, 1966; Mouriz et al, 19663
Bray and Hildreth et al, 1967; Frumess and Larsen, 1975; Hervas et al, 1875).
Similar observations have been made with derivatives of 2-thiohydantoin, al-
though these compounds may also inhibit the response to T3 {Marx et al, 1970,
1971; Ruegamer et al, 1972; see also Tsukui et al, 1978). Generally, such an
effect is not observed with methimazole although a conflicting report has appear-
ed {Van PiTsum et al, 1573).

Thiouracil and derived compounds have been shown to slow deiodination of T4,
T3 and other iodothyronines in rats (VanArsdel and Williams, 1956; Jones and Van
Middlesworth, 1960; Hershman and Van Middlesworth, 1962; Morreale de Escobar and
Escobar del Rey, 1962). This was concluded from the reduction in urinary excret-
ion of jodide after administration of radioiodine-labelled T4 concomitant with
an augmented faecal Toss of conjugates. Again, such effects are not seen with
methimazole. More specifically, Flock and Bollman (1963) concluded that deiodin-
ation of T, at the 3" and 5' positions was decreased by TU, whereas that at the
3 and 5 positions was increased. Inhibition of the conversion of T4 into T3 by
PTU in rats was also found by Oppenheimer et al (1972), Bernal and Escobar del
Rey (1974) and Frumess and Larsen (1975), Similarly, a decrease in T4 deiodinat~
ion by PTU has been observed in man (Hershman, 1964; Furth et al, 1966). More
recently, PTU administration to thyrotoxic and T4~rep1aced hypothyroid patients
has been shown to decrease serum T3 levels and to increase those of rT3 (Abuid
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and Larsen, 1974; Geffner et al, 1975; Saberi et al, 1975; Westgren et al, 1877b;
Laurberg and Weeke, 1978; Siersbaek-Nielsen et al, 1978). In addition, PTU has
been found in humans to lower conversion of rT3 into 3,3'—T2 as well as degrad-
ation of the latter (Laurberg and Weeke, 1980). Intrapituitary T4--T3 conversicn
is not affected by PTU (Larsen and Frumess, 1977; Silva and larsen, 1978).

2.3.1.2. g-Adrenergic antagonists.

Many of the symptoms of hyperthyroidism appear to resemble the manifestat-
ions of catecholamine excess {Verhoeven, 1978). This is why cervical sympathetic
chain resection has been practiced at the end of the last century as the treat-
ment of hyperthyroidism in preference to thyrcidectomy {Turner, 1974). More
recently g-blocking drugs have been added to the therapeutic assortment of the
physician in the abatement of thyrotoxic symptoms (Turner et al, 1965; Howitt
and Rowlands, 1966: Shanks et al, 1969; Mazzaferi et al, 1976).

Several sites have been proposed for the interaction of the thyroid and the
sympathetic nervous system. Despite the demonstration of sympathetic innervation
of the thyroid (Melander, 1977), studies of the effaects of a- and g-adrencceptor
agenists and antagonists on thyroid activity have yielded apparently conflicting
results. A number of reports have indicated that several aspects of thyroid
function are not affected by propranolol (Azizi et al, 1974; Wartofsky et al,
1975; Bastomsky and Lin, 1979).

It has been suggested that in hyperthyroidism there is an increased sensit-
ivity to catecholamines. Although eariier studies have failed to show such an
abnormality in experimental hyperthyroidism (McDevitt, 1976, and references
therein), more recent reports have supported this suggestion (Kunos, 1977; Hashi-
moto and Nakashima, 1978; Fregly et al, 1979). It has aiso been found that
thyreid hormone has a profeund effect on the number and properties of «- and 8-
adrenergic receptor sites in some tissues, e.g. the myocardium (Ciaraldi and
Marinett, 1977, 1978; Wiliiams et al, 1977; Kempson et al, 1978; Williams and
Lefkowitz, 1979).

Another possibility to account for the therapeutic merits of g-adrenoceptor
antagonists, which has been investigated, is an alteration in peripheral thyroid
hormone metabolism induced by these agents. In rats, adrenaline accelerates the
deiodination of T, and T5 (Kallman and Starr, 1959). It had been shown before
that preprarolol may siow the peripheral degradation of T4 in humans (Hadden et
al, 196G}. It is now known that propranclol application to hyperthyroid subjects
results in a decrease in serum T3 levels and an increase in those of rT3 often
without affecting serum T4 concentrations {Nauman et al, 1974; Murchison et al,



30

1976; Verhoeven et al, 1977; Wiersinga and Touber, 1977). Similar observations
were made in T4—maintained hypothyroid patients (Wiersinga and Touber, 1977;
Faber et al, 1979b; Feely et al, 1979). The changes were found to be due to a
decreased production rate of Ty from T, and a decreased eliminaticn rate of r7
{Lumholtz et al, 1978, 1979). It has been questioned whether the effects on
thyroid hormone metabolism do contribute to the therapeutic value of g-adren-
ergic blocking drugs since it has been found that more selective B,-antagonists
such as practolol {Nelson and McDevitt, 1975; Murchison et al, 1976), atenclol
(McDevitt and Nelson, 1978; Nillson et al, 1879) and metoprolol (Murchison et
al, 1979) are as effective as propranoilol in the amelioration of thyrotoxic
symptoms without affecting serum T3 Tevels.

3

2.3.1.3. Glucocorticosteroids.

Corticosteroids have been known for long to have effects on the hypothalam-
us~pituitary-thyroid axis in man (Ingbar and Freinke?,1956). Which site of this
axis is affected appears t0 be a complex function of duration, dose and route of
administration of the glucocorticoids. Short-term administration has indicated
that these steroids reduce thyrotropin {(TSH) secretion by an effect at a supra-
hypophyseal Tevel (Wilber and Utiger, 1969; Nicoloff et al, 1970; Haigler et
al, 1971; Singer and Nicoloff, 1973; Otsuki et al, 1973}. This was concluded
from - among other things - the inhibitery effect of prednisolone and other
glucocorticoids on basal but not on TSH-releasing hormone (TRH)-stimulated TSH
secretion. The rebound phencomencn after steroid withdrawal has been applied to
the assessment of TRH reserve in patients (Singer and Nicoloff, 1973; Singer et
al, 1978).

In the longer run, glucocorticosterocids appear to have an inhibitory effect
on the pituitary as well (Faglia et al, 1973; Otsuki et al, 1573; Dussault, 1974;
Re et al, 1976; Sowers et al, 1977). A decrease in TRH-induced TSH release has
alsc been observed in patients with Cushing's syndrome {Otsuki et al, 1973;

Kuku et al, 1975; Duick and Wahner, 1979; Visser and Lamberts, 1980). The im-
portance of endogenous cortisol in the regulaticn of thyrotroph function has
been demonstrated by a significant increase in serum TSH after Towering of corti-
sol secretion by metyrapone administration (Re et al, 1976). Also, serum TSH has
been found to be increased in adrenal insufficiency (Topliss et al, 1980). Dexa-
methasone does not change the response of the thyroid to TSH (Vigneri et al,
1875). '

The effect of corticosteroids on the hypothalamus-pituitary-thyroid axis

in rats has been difficult to assess and apparentiy conflicting reports have
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appeared. Here too, the changes observed depend on duration and dose of steroid
administration (Brown and Hedge, 1973, 1974; Ranta, 1975, 1976). Nevertheless,
it has been demonstrated unequivccally that physiological levels of corticoster-
one play a part in the reguiation of pituitary‘sensitivity to TRH (Pamenter and
Hedge, 1980).

In addition, glucoceorticoid administration to humans has been shown tc in-
fluence peripharal thyreid hormone metabolism. An early study by Kumar et al
(1968) had suggested that glucocorticosteroids primarily alter the hepatic metab-
olism of T4. This was based on an abnormal elimination of injected radioactive
T4. The rapid disappearance phase was slowed, and both fractional turnover rate
and distribution volume were diminished. This seems to indicate that T{ver up-
take of T4 is reduced by glucocorticoids. Later studies have shown that serum T3
is decreased and serum rT3 is temporarily increased (Duick et al, 1974; Chapra
et al, 1975; Burr et al, 1976; DeGroot and Hoye, 1976). This has been observed
in normals and in T4-substituted hypothyroid subjects. 0f course, secondary to
an impaired thyrotroph function, serum T4 may also be decreased. Similar alter-
ations have been observed in patients with Cushing's syndrome (Duick and Wahner,
1979; Visser and Lamberts, 1980} and alse after administration of corticotropin
to healthy persons (e.g. Westgren et al, 1977c¢). No effects have been observed
with mineralocorticostereids (Westgren et al, 1977c).

Finally, glucocorticoid excess has been shown to change serum binding of
thyroid hormone (Oppenheimer and Werner, 1966; Gamstedt et al, 197%). Binding
capacity of TBG is decreased and that of T4-binding prealtbumin {TBPA) increased
such that the free fractions of T3 and T4 are slightly elevated.

Due te the rapid inhibition of thyroid hermene synthesis at several loci,
treatment with dexamethascne in conjunction with PTU has been advocated to ob-
tain early relief in thyroid storm {Croxson et al, 1977a). The effects of these
two drugs on serum thyroid hormone levels were found to be additive. It is note-
worthy that benificial effects of dexamethasone on serum T4 were also seen in
patients with Graves' disease {Williams et al, 1975). Figure 2.2. illustrates
the multiple actions of glucocorticoids on the hypothalamus-pituitary-thyroid
axis.

2.3.1.4. Miscellaneous

Several icdine-containing compounds, other than iodothyronines, have been
reported to influence thyroid hormone deiedination in vivo (for structures, see
Fig. 2.3.). Before T3 was ever discovered, it was shown that aikyl 3.5-diiodo-
4-hydroxybenzoates reduced the T4—st1mu1ated oxygen consumption in mice (Barker
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Fig. 2.2. Inhibitory effects by glucocorticosteroids (t:;) on the production of
thyroid hormone.
et al, 1951: Sheahan et al, 1951). Later it was found that - as with PTU - the
response to T3 was increased (Maclagan et al, 1852), Inhibition of deicdination
was thought to be the underlying mechanism of this action, as confirmed by a
subsequent study (Wilkinson et al, 1954). Escobar del Rey and Morreale de Esco-
bar (1962) and Fieck and Bollman (1964) have, however, provided evidence that
this is mainly a secgndary effect, caused by the augmentation of the faecal ex-
cretion of T, conjugates.

Recently, clinical observations have been made of the inhibition of T4—T3
conversion and rT3 breakdown by other iodinated compounds, e.g. amicdarona, an
antiarrythmic and antianginal drug (Burger et al, 1975; Jonckheer et al, 1978},
and several radiographic contrast agents having a 2,4,6-triiodcaniline structure
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{Birgi et al, 1976; Wu et al, 1978a; Suzuki et al, 1979). The Tatter have been
used in the treatment of hyperthyroidism (Wu et al, 1978c), despite the deletor-
ious effect of iodine administration in this condition (see also Costa, 1979;
Chopra et al, 197%c). Some of these compounds also inhibit the binding of T3 to
its receptor {DeGroot and Rue, 1679). In contrast to PTU, these X-ray contrast
agents do block the intrapituitary conversion of T4 into T3. This Teads to an
impairment of the TSH-suppressive effect of T4 {Larsen et al, 1979; Suzuki et ail,
1979).
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Fig. 2.3. Structures of ifodine~containing inhibitors of thyroid hormone deiodin-
ation.
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In this respect it is worthwhile to mention that pharmacological doses of
rT3 blunt the metabolic response to T4 {Pittman et al, 195%a,b; Pittman et al,
1960; Coire et al, 1980). This is most probably due to the inhibition of the
peripheral production of Ty from T4 {Coiro et al, 1980). The physiological sig-
nificance of this effect by rT3 is doubtful because of the huge doses needed.
It has, nevertheless, been applied in the treatment of patients with Graves'
disease {Benua et al, 19%59).

It has been speculated that thyroid hormone may act as a neurctransmitter,
and that deiodination may be mediated by tyrosine hydroxylase (Dratman, 1974;
Dratman et al, 1976a,b; Dratman and Crutchfield, 1978). Indeed, T4 degradaticn
in rats (Dratman et al, 1976b) and the postnatal rise of serum T3 in newborn
lambs (Fisher et al, 1977) have been reported to be impaired by administration
of a-methyltyrosine, a specific tyrosine hydroxylase inhibitor. Other authors,
however, have been unable to demonstrate a significant effect of a-methyl-
tyrosing administration to humans (Dvorak et al, 1978) and to rats (Pascual et
al, 1879) on the conversion of T, into Ts-

Many drugs appear to affect serum thyroid hormone levels by interference
with the binding to serum proteins. Among these js diphenylhydantoin which, in
addition, appears to stimulate T4—T3 conversion (Cavalieri et al, 1979, and
references therein). 0f impertance are, finally, the findings of an increased
disposal of T4 by phenobarbital treatment as a resuit of an enhanced biliary
excretion and perhaps alsc increased deiodination {Oppenheimer et al, 1971;
Cavalieri et al, 1973).

Numerous studies - in vivo as well as in vitro - have emphasized the role
of nutrients in the regulation of peripheral thyroid hormere deicdinaticn. The
results have indicated that not only the amount of calories consumed but also
the composition of the diet are important factors. The interest in diet induced
alterations in T4 metabolism has been aroused by the observations by Portnay et
al {1874} of a selective decrease in serum T3 concentrations in humans during
starvaticn. These studies were extended by the demonstration of a concomitant
rise in serum rT3 Tevels during fasting (Vagenakis et al, 1975; Spaulding et al,
1976). Serum T, remained constant during the studies, and similar effects were
noted in normal subjects on suppressive T4 doses. These results were amply con-
firmed by others for starvation (Merimee and Fineberg, 1976; Carlson et al,
1977), semi-starvation {Grant et al, 1978; Visser et al, 1978a) and ancrexia
nervosa {Moshang et al, 1975; Miyai et al, 1975; Croxson and Ibbertson, 1977).



In some of these studies it was noted that in contrast to a sustained reduction
of serum T3, the rise in serum rT3 was transient (Carlson et al, 1977; Visser et
al, 1978a; see Fig. 2.4.). Overfeeding has been shown to increase serum T3
levels (Bray et al, 1676). In subsequent investigations it has been attempted to
mere clearly define i) the importance of diet compositicn, and i7) the underly-
ing mechanism of these changes in T3 and rT3 Tevels.
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Fig. 2.4. Effects of a 300 kcal diet on body weight, serum T4, T3 and rT3 (from
Visser et al, 1978a).
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It has been demonstrated that not so much reduction of calorie intake but
rather the selective decrease in consumption of protein and carbohydrate is res-
ponsible for the changes observed. In addition, composition of the diet may
affect serum T3 and rT3 concentrations independently. Thus, feeding obese sub-
Jects a 800 kcal diet containing nc carbohydrate resulted in a Towering of serum
T3 without an effect on serum rT3. On an isocaloric diet containing 50g of carbo-
hydrate the concentrations of neither T3 nor rT3 appeared to be affected (Spaui-
ding et al, 1976). Similar findings were reported by Azizi (1978), who showed
that - after fasting - refeeding with a mixed or a 100% carbohydrate diet caused
a return of serum T3 and rT3 to control values. In contrast, refeeding with a
protein diet only restored serum rT3 concentrations.

The importance of carbohydrate in supporting peripheral thyroid hormone
deiodination has also been demonstrated by Burman et al {1979a) in a fasting-
refeeding experiment, showing the efficacy of glucose and fructose in restoring
serum T3 and rT3 levels. A requirement for the utilization of sufficient amounts
of glucose te support deiodinase activity was demonstirated by the ‘increase in
serum T3 together with unaffected T4 and slightly decreased rT3 Tevels after
administration of insulin to healthy individuals (Tevaarwerk et al, 1979). In-
terestingly, Westgren et al (1977d)} noted in fasted subjects an acute stimulat-
ion of peripheral T3 formation by oral but not by intravenous glucose feeding.
These studies, therefore, emphasize the role of hepatic glucose metabolism in
the regulation of thyroid hormone deiodination (see alse Saunders et al, 1978).

On the other hand, by studying the effect of normo- and hypercaloric diets,
with the proportion of carbohydrate varyied between 20-80%, Davidson and Chopra
(1979) concluded that the changes observed in serum T3 were correlated best with
calorie intake rather than with carbohydrate intake. Otten et al (1980) compared
four diets containing 1500 kcal composed of either 100% fat, 50% fat-50% protein
or 50% fat-50% carbohydrate and a control, mixed diet. It was noted that the all
fat diet induced at least the same alterations in serum iodothyronine Jevels as
did fasting. Complementing the diet with either carbohydrate or protein diminish-
ed but did not prevent the increase of serum rT3, whereas addition of protein to
the diet did not protect against the effect of fat on serum T3 concentrations.

A negative effect of fat on thyroid hormeone deiodination was proposed.

It has been suggested that the decrease in T3 seen during fasting spares
muscle protein, since adjusting serum T3 to normal (Gardner et al, 1979) or
supranormal (Burman et al, 1979b} values resuited in increased muscle catabolism
(see also Bray, 1977; Moore et al, 1980).

Metabolic clearance rates of fodothyronines have been measured to assess
which processes are affected by a reduction of calorie intake. It was found that
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the elimination of T3 was unaltered, pointing tc a decreased PR in these circum-
stances (Vagenakis et al, 1977; Suda et al, 1978). However, no major effect of
fasting on rT3 production was observed. Increased serum rT3 concentrations are
primarily a result of a decreased MCR (Eisenstein et al, 1978; Suda et al, 1978).
Clearance rate and PR of T4 have been found to be decreased (Grant et al, 1978;
Suda et al, 1878) or normal (Vagenakis et al, 1977). A decrease may be due to
diminished thyroid activity secondary to a lowering of TSH secretion (e.g. Carl-
son et al, 1977; Croxson et al, 1977b; Azizi, 1978; Burman et al, 1980). Over-
feeding has been shown to increase both serum concentrations and MCR of T3, ir-
respective of whether the extra calories were supplied by fat, carbohydrate or
pretein (Danfeorth et al, 1879). Production rates of T4 remained constant.

The role of the diet in the regulation of peripheral T4 deijodinatien has
been studied less extensively in animals. A decrease in both faecal excretion
and deiodination has been observed in rats during fasting {Ingbar and Galton,
1975). ponsequent]y, serum T4 levels were doubled within 48 hours of starvation.
In contrast, fasting has been shown by Harris et al (1978a) and Kaplan and Utiger
(1978a) to resuit in a substantial decline of both serum T3 and T4. Also serum
TSH but not its response to TRH was decreased. Refeeding after a 4 days fast
with protein or carbohydrate resulted in 2 rapid increase in serum T3, whereas
refeeding with fat had ne effect. Refeeding after 6 days of starvation with any
of the nutrients did not acutely elevate serum T3 {Burger et al, 1980). The
effect of semi-starvation in rats on serum T3 cancentrations depends on the
composition of the diet. Substituting protein for carbohydrate induces a de-
crease in serum T, without affecting T, concentrations {Glass et al, 1878). In
rabbits, starvation has been shown to induce a tenfold increase in circulating
rT3 and & 50% increase in T4 levels, whereas those of T3 remained constant. The
MCR of T4 did not change, that of T3 increased and in case of rTB it decreased.
As a result, turnover rates of all these {odothyronines were found to be jncreas-
ed. Since the PR of T3 exceeded that of T4, a substantial amount of the former
appears to derive from thyroidal secretion in rabbits (Takagi et al, 1978).

An interesting observation has been the demonstration of a decrease in the
number of nuclear T3 receptors during starvation (Burman et al, 1977; DeGroot et
al, 1977 Schussler and Orlando, 1978). This may be related to the finding that
not only resting metabolic rate is decreased by fasting in humans (Grant et al,
1978) and in rats (Wimpfheimer et al, 1979} but also the efficacy of T4 to stim-
ulate it (Wimpfheimer et al, 1979). Finally, a profound decrease in serum TBG
and especiaily TBPA was observed during caloric restriction (Moreira-Andres et
al, 1980).
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2.3.3. Pathological conditions

2.3.3.1. Stress

Major alterations in thyroid hormone metabolism have been observed to be
induced by internal and external factors which disturb the normal functioning of
the organism. Most attenticn has been paid to the effects of surgical stress,
exposure to a cold envirnment and non-thyroidal i1lness, such as T1iver and kid-
ney disease, myocardial infarction and infection.

Rapid elevation of rT3 and lowering of T3 serum concentration were observed
in patients undergoing surgery (Burr et al, 1975; Brandt et al, 1976). By study-
ing the effect of epidurial analgesia it was concluded that changes in thyroid
hormone Tevels were independent of increased cortisel secretion (Brandt et al,
1976). A lack of correlation between cortisol and T4 metabolism after surgery
has also been reported by Presscott et al (1879). Still, Hagenfeldt et al (1979)
proposed that adrenocortical activation and/or changes in the mode of nutrition
may be the cause of the changes cbserved. A considerable reduction of serum TSH
was noted by Kehlet et al (1979), but not by Hagenfeldt et al (1979).Concomitant
with T3, Tevels of TBPA were found to decline after surgery (Ramsden et al,1978).
Qualitatively similar changes in serum thyroid hormene levels occured after total
and subtotal thyroidectemy (Anderberg et al, 1979; Tamai et al, 1979; Veen,
1880). Surgery has been found to affect thyroid hormone deiodination in rabbits
likewise (Ramsden et al, 1979).

Exposure of rats to cold has been known for a Tong time to stimulate de-
igdination and faecal c¢learance of T4 (Kassenaar et al, 1959; Hillier et al,
1%68a,b; Galton and Nisula, 1969). Cenversion of T4 into T3 is stimulated by a
cold environment (Ruegamer et al, 1964; Bernal and Escobar del Rey, 1975a,b).
This is not caused by the increased food intake of the animals (Van Hardeveld
et al, 1979a). It has been suggested that the sympathetic nervous system plays
a role in the induction but not in the magnitude of the response to cold (Van
Hardeveld et al, 1979b).

In humans, short-term (30 min) elevation to 39°¢ and reduction to below 35°C
of body temperature (during and after sauna bath) failed to affect serum T4 or
T3 levels {Tuomisto et al, 1976). In contrast, elevation of body temperature to
38.5%C - induced by moderate exarcise in & hot environment - has been shown to
reduce serum T3 and to increase serum rT3, whereas T4 Tevels remained unchanged
(Epstein et al, 1979). The rapidity of the changes in T3 suggests, however, that
not only its production but also its distribution may have been aitered. A recent
study has indicated that similar but Tess pronounced changes in thyroid hormone



metabelism as seen during fasting occur during prolonged moderate exercise. A
relationship between T4 metabolism, and uptake and utilization of free fatty
acids and glucose was suggested (0'Connell et al, 1978).

2.3.3.2. Illness

In a review, Wartofsky (1974) concluded from the existing literature that,
as a response to infection, thyroid activity is decreased secondary to innibit-
ion of TSH release. He suggested that - as in other types of stress - this may
be mediated by cortiscl. Binding of T4 to serum proteins is usually lowered and,
unless the disease is associated with hepatic dysfunction, cellular uptake of
the hormane and therefore its fractional turnover is increased. Since then an
overwhelming amount of data has been published on the effect of acute and chronic
non-thyrcidal illness on thyroid hormone metabolism.

Decreased serum T3, increased rT3 and normal or low T4 levels have been
measured in a variety of sick patients and taken as indications of a reduced 5'-
deiodinase activity of the tissues (for a review, see Braverman and Vagenakis,
1979). Such an impairment of peripheral conversion may be misleading in the diag-
nesis of hyperthyroidism, since elevated T4 Tevels may be accompanied by ncrmal
serum T3 concentrations (Britten et al, 1975; Birkh3user et al, 1977; Engler et
al, 1678). Illness is also an important factor in the Tow Ty Tevels measured in
elderly subjects (Davis, 1979), although also in healthy persons a negative cor-
relation between age and serum T3, but not T4 and rT3 has been found (Smeulers
et al, 1979). Thus, in several studies, specific diseases have been reported to
be associated with alterations in peripheral T4 metabolism. Among these are
febrile conditions (Rastogi et al, 1976; Wartofsky et al, 1977; Maharajan et al,
1978), myocardial infarction (Westgren et al, 1977e; Smith et al, 1978), diabetes
mellitus (Naeye et al, 1978; Saunders et al, 1978; Pittman et al, 197%a,b), liver
and kidney disease {see below).

Normal or Tow serum T4, Tow T3 and high rT3 and TSH levels have been measur-
ed in patients with alccholic cirrhosis (Copra et al, 1974; Nomura et al, 1975;
Israel et al, 1979; Walfish et al, 1879). In acute hepatitis, changes in circul-
ating thyroid hormone concentrations are less pronounced (Hepner and Chopra,
1979} and in chronic active hepatitis and primary biliary cirrhosis serum levels
of T3 and T4 may even increase due to enhanced binding to serum proteins (Schuss-
Ter et al, 1978). Serum binding is otherwise often impaired. Interestingly,serum
T3 was found to increase in several cirrhotic patients on treatment with PTU,
due to an improvement of liver function (Israel et al, 1579, see also Orrego et
al, 1979).
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Disturbances in T4 metabolism have also been observed in patients with
renal failure. Serum T4 is normal or decreased, serum T3 decreased and serum TSH
normal or eTevated (Ramirez et al, 1976; Spector et al, 1976; Lim et al, 1977).
The TSH response to TRH is usually bluynted. Abnormalities were observed in
patients on hemodialysis and those who were not, but amelioration was observed
upon renal transplantation (Lim et al, 1877). On the average, serum T3 and TBG
levels were decreased and urinary excretion of T3, T4 and TBG increased in
patients with nephrotic syndrome (Afrasiabi et al, 1977).

The changes in thyroid hormone metabolism in systemic i1lness have been
shown to be due tc decreased production rates of T3 from T4 and decreased elimin-
ation rates of rT3 (Nomura et al, 1975; Chopra, 1976; Lim et al, 1976; Pittman
et al, 197%a,b), which reverted to normal on successful treatment of the dis-
ease, e.g. diabetes mellitus (Pittman et al, 197%a,b). In general, the decrease
in serum T3 and the increase in rT3 are related to severity of disease as estim-
ated by several parameters such as body temperature, size of myocardial infarct-
ion, decrease in Tiver function, etc. (e.g. Ljunggren et al, 1977; Smith et al,
1978; Hepner and Chopra, 1979). The low serum T4 encountered in a substantial
number of sick patients may be the result of decreased binding to serum, caused
by a circulating inhibitor (Chopra et al, 19759a,b). It is doubtful whether alter-
ations in T4 metabolism are a consequence of enhanced cortisol secretion (Kall-
ner znd Ljunggren, 1979; Ljunggren et al, 197%).

2.4. Conclusions

Several approaches have been used to assess the contributions of thyroidal
secretion and peripheral conversion to the total production of T3, rT3 and Tower
substituted iodothyronines. These are i) measurement of serum concentrations of
these compounds in subjects without appreciable thyroid function receiving sub-
stitution therapy with synthetic T4, i1) quantitation of radioactive metabolites
in plasma after administration of labeTled T4 under steady state conditions and
iii) comparison of secretion rates with total turnover rates. For the latter,
the amounts of iodothyronines secreted have been estimated knowing that thyroid-
al secretion accounts for all T4 delivered to the circulation and either i)
assuming that secretion of these compounds is proportional to their content in
thyroglobulin or i1} by direct assessment of arterio-venous gradients across the
thyroid.

These experiments have unegquivocally demonstrated that a large preportion,
i.e. about 80%, of circulating T3 and virtually all of circulating rTs is derived
from monodeiodination of T4 in peripheral tissues. Although the origin of the
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Fig. 2.5. Effects of various cenditions on serum levels, metabolic clearance
rate (MCR) and production rate (PR) of Ty and rT, (% of control)

di~ and monoiodothyronines has not been elucidated with similar conviction, it
is Tikely that peripheral production is a major source for these compounds.

Productions of T3 and rT3 from T4 are not random processes. Under a
variety of conditicns (summarized in Fig. 2.5.) conversion of T4 into T3 is
diminished whereas conversion into rT3 does not change. Serum levels of rT3
in these situations, however, increase owing to an impaired elimination. These
findings are compatible with the hypothesis that the peripheral deicdination
of T4 is mediated by two enzymes, i.e. a 5'~deiodinase converting T4 into T3
and rTB into 3,3'~T2, and a 5-deicdinase converting T4 into rT3 and T3 into
3,3'~T2. Diminuticn of T3 preduction and rT3 degradation is then explained
by a selective decrease in 5'~dejodinase activity.

The in vivo observations have not yielded conclusive evidence with regard
to the gite of .thyroid hormone deicdination. The abnormalities found in Tiver
and kidney disease may indicate that these organs play an important role fn
this respect. This is supported by the data obtained during the investigations
of these reactions in tissue preparations as will be discussed in the next
chapter. Further, evidence has been presented for the occurence of the con-
version of T4 into T3 in the pituitary and various brain regions. The contrib-
utions of these sites to the total production of T3 is probably negligible,
notwithstanding their importance in the supply of the active hormone to local
receptors.
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3.  THYROID HORMONE DEIODINATION - IN VITRO OBSERVATIONS

3.1. Introduction

The hypothesis that most of circulating T3 is derived from monodeiodin-
ation of T4 in peripheral tissue has appealed tc many investigators. It is
not surprising then, that a lot of werk has been done to reveal the principles
involved and the mechanism of this reaction. Despite these efforts, relatively
TittTe pregress has been made until recently, when in vitro studies have yield-
ed unequivocal information about the enzymatic nature of iodothyrcnine deiodin-
ation in tissue preparaticns. These investigations have already shed some
Tight on the question of the mechanism of these reactions and the regulation
of deiodinase activity in the organism.

The reascn for this success undoubtedly is the result of the introduct-
ion of reliable and specific radioimmunclogical technigues to measure the
products of the deiodination reactions. Although in several studies dejodin-
ated products (e.g. Ts) have been recovered from reaction mixtures containing
tissue preparations and radioactive substrate (e.g- T4), mest of the early
studies have dealt with the production of iodide. In these Tatter investigat-
ions generally no specific products other than ill-defined "origin material"
~ referring to its chromatographic properties - have been cbserved. In the
Tight of more recent studies, most of these results may be regarded as artific-
ial probably without physiclogical significance. Not only for historical reasons,
but alsv since they have contributed to our understanding of the chemistry
of thyroid hormone, these studies will be discussed in the next section. This
is followed by an overview of results from mainly the recent literature, which
allow a more reliable interpretation.

3.2. Degradation of jodothyronines with release of iodide

The genevration of iodide on incubation of radioiodine Tabelled T4 with
a variety of tissue preparations has been reported. Thus, deicdination has
been cbserved using the perfused rabbit (Becker and Prudden, 1959) and rat
liver (Flock and Owen, 1965), and slices, homogenates and subcellular fractions
of rat Tiver, kidney, skeletal muscie and brain (Table 3.1.). Also, rat thyroid
{Dawber et al, 1871) and tissues from frogs and tadpoie (Dowling et al, 1964;
Yamamoto, 1564a; Galton et al, 1965) have been studied. Deiodinative activity
was associated with the particulate fracticns (e.g. microsomes) of liver and
kidney homogenates (Stanbury et al, 1960; Yamamoto et al, 1960; Wynn et al,



1862; Nakagawa and Ruegamer, 1967), but with the supernatant fraction of
skeletal muscle and brain (Tata, 1958, 1980; Lissitzky et al, 196la,b).

Considerable attention has been given to the formation of the iedinated
“origin material® which often accompanied deicdination (Galton and Ingbar,
1961; Plaskett, 1961; Lissitzky et al, 196la,b; Wynn and Gibbs, 19623 Surks
et 31, 1969; Kozyreff et al, 1971). This material was found to contain iodine
covalently bound to protein. This could be due to some form of transiodination
involving the igdines of the phenolic ring, but it has also been shown to
contain the intact substrate (Kozyreff et al, 1971) and breakdown products
such as DIT (Plaskett, 1961; Wynn and Gibbs, 1962). It has been suggested
that this type of reaction may also occur in vivo (Surks et al, 1969).

The mechanism of nen-specific deiodination has not been fully clarified.
From the reported characteristic features of this process (Table 3.1.}), cne
gets the impression that distinct reactions are invoived. It has been suggested
{Galton and Ingbar, 1863, 1964) that under certain conditions degradation of T4
in tissue preparations may be mediated by peroxidase, since stimulation was ob-
served with H202 and the catalase inhibitors azide and 3-amino-1,2,4-triazole,
and inhibition with catalase. Contradictory observations were made by Nakagawa
and Ruegamer (1967). The role of peroxisomes has not been investigated. Discord-
ant findings have also been reported with respect to the effects of thiols,
ascorbate, p-chloremercuribenzoate and thiouracil. Breakdown of T4 may even
occur in boiled tissues. Based on different sensitivities to heat Galton and
Ingkar (1966) distinguished enzymatic and non-enzymatic components of tissue
homogenates. In general, stimulation is seen with flavins and Fe2+, and ‘inhibit-
ion with H92+ and cyanide. Except in brain and possibly muscle, T4 breakdown
is oxygen dependent.

Special mention must be made of the degradation of T4 by white blood
cells. Deiodination and jodoprotein formation have been observed in intact
cells (Klebanoff and Green, 1973; DeRubertis, 1974; Woeber, 1976a) and in
homogenates (Kurland et al, 1960; Woeber, 1976b). Deiodinative activity is
associated with the granule fraction (Wosber, 1976b), and is stimulated in
phagocytosing Teucocytes (e.g. Klebanoff and Green, 1973). Iodination of
intracellular protein was also detected in cells incubated with iodide (e.g.
Klebanoff and Clark, 1977), especially after induction of phagocytesis. All
these processes (i.e. jodination, de- and transiodination) are mediated by
myeloperoxidase, which is located in the granules, and require H202, the
production of which is stimulated by phagocytosis (e.g. Klebanoff and Green,
1973). lodination (and subsequent killing} of ingested microorganisms has



TabTe 3.1. EFFECTS OF CONDITIONS ON THE DEGRADATION OF T4 (WITH RELEASE OF IODIDE) IN TISSUE PREPARATIONS AND
TISSUE FREE INCUBATIONS

Stimutation Inhibition No effect

Liver and kidney Flavins?, Fe?™d | thiols®, Anoxia®t, heat? P Il Flavins®™, heat’™?,
ascorbate®, T, in vivo™, ng+c'f'm, cyanide® 9/ thiols?, thiouracit? f,
phenobarbital in vivo®, thiots™, ascorbate™?", Hzﬂzd’m, catalase?’ ™,
HZOEX’ azide?, amino- EDTAS 9 5-P  thiguracil®, azide™, p-chloromercuri-
triazole®. azided, catalase®, p-chioro- benzoated’ <.

mercuribenzoate®’™,

Skeletal muscle Flavins?+2, Fez+h, HZGZX’ Anoxia ¢ heat9+1, ng+g"i, Anoxia®.
T, in vivo?, thiols?, ascorbate¥.

Brain Heat®:®, ng+i’°, cyanide®. Anoxial-®.

Buffer Flavins + light + OZS'W,
H,0, + peroxidase™’¥.

References: aYamamoto et al, 1960; bHacLagan and Reid, 1957; cStanburg et al, 1960; dwynn el al, 1962, eSprott and

Maclagan, 1955; fYamazaki and Slingerland, I959; gLissitzkg et al, 196la,b; hTata, 1960; 1.Tata, 1957;
jLiSSitzky et al, 1959; kEtling and Barker, 1959; lGalton and Ingbar, 1966; mNakagawa and Ruegamer,
1967; nYamamoto, 1964b; Crata et al, 1957, pBraverman and Ingbar, 1962; qTata, 1961; rSchwartz et al,
1969; Szdssitzky et al, 196l1c; tSuzuki et al, 1961; Ycalton and Inghar, 1962; VMorreale de Escobar et
al, 1962,1963; "Reinwein and Rall, 1965; ‘Galton and Tngbar, 1963; “Mayrargue-Kodja et al, 1958;

#galton and Ingbar, 1964.

tt
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been suggested to perform the function of a host defense mechanism (Klebanoff,
1967}. In sepsis, celluiar uptake and metabolism of T4 are accelerated {De-
Rubertis and Woeber, 1973; see also chapter 2.3.). It has, therefore, been
suggested that phagocytosing leucocytes may utilize thyroid hormone as a
source of iodine for bactericidal activity {e.g. Klebanoff and Green, 1973).

In many instances, T4 and other iodothyronines have been found to be
degraded in chemicaliy defined media (Table 3.1.). Thus, "dejodinaticn" was
observed in mixtures containing flavins in the presence of oxygen and light.
Flavin dependent deiodination is stimulated by inert proteins such as fibri-
nogen and albumin (Morreale de Escobar et al, 1962, 1963; Reinwein and Rall,
1965) and dinhibited by Cu2+ and ng+ (Galton and Ingbar, 1862). In this
system the ether bond is split and DIT is formed (Lissitzky et al, 196lc,
Suzuki et al, 1961). Deiodination also occurs in the presence of H202 or
Hzoz—generating systems, and is further stimulated by peroxidase (Mayrargue-
Kodja et al, 1958; Galton and Ingbar, 1963) or chelated metal ions {Reinwein
et al, 1968). Also here, the ether bond has been found to be cleaved (Mayrargue-
Kodja et al, 1958).

The above findings indicate that degradation of T4 may be observed in
tissue preparations as well as tissue-free incubations, especially where
conditions allow for the formation ¢f free radical species. This degradation
is an oxidative process and is characterized by iodide production, ether
bond cleavage and Jodination of protein (if present). Especially noteworthy
in this respect are the studies by Wynn (1968) and Nakano and coworkers
(Nakano et al, 1971, 1973; Ushijama et al, 1973; Suwa and Nakano, 1975).
These authors have Tinked T4 deiodination by microsomes with lipid peroxid-
ation. Both 1ipid peroxidation and deiodination are induced by Fe2+, which
may be kept in the reduced state either enzymaticaliy (NADPH dependent) or
chemically (ascerbic acid dependent). Ferrous iron induces the formation of
Tipid, 1ipid alkoxy and 1ipid peroxy radicals, initiating a chain reaction
characteristic for fatty acid autocoxidation (Chow, 1979). Thyroxine inter-
feres with the propagation of this chain reaction by reacting with the
alkoxy and peroxy radicals, and may be regarded as an antioxidant in this
respect {Wynn, 1968; Suwa and Nakano, 1975).

However, in the presence of peroxidase and H202, T4 enhances lipid
peroxidation (Kumar et al, 1977). The common factor in all these observaticns
may be the ability of T4 to form a phenoxy radical. In subseguent steps, the
iodine atoms of the phenolic ring are eliminated as the radical {I.; Kumar
et al, 1977) or as the anion (I7; Suwa and Nakano, 1975) and the ether bond
is cleaved (see Fig. 3.1).
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Fig. 3.1. Oxidative breakdown of T4 via the phenoxy radical yielding DIT,
iodide and other products!

Lipid peroxidation is a degenerative reacticn, and the cell is well
equipped with defense mechanisms which prevent damage from this process. The
antioxidant potential of the ceil comprises radical scavengers such as
vitamin E and superoxide dismutase, while peroxide concentrations are kept
at a minimum level by catalase and glutathione peroxidase (Chow, 1979). It
is, therefore, 1ikely that the type of deiodination described in this section
is of limited physiological relevance, with the possible exception of T4
degradation by leucocytes.

3.3 Production of specific metabolites

Production of radioactive T3 from radicoiodine-labelled T‘1 by intact
cells has been detected with the aid of chromatographic techniques. Using
this method conversion has been shown to occur in several tissue preparations,
e.g. rat kidney slices (Albright et al, 1954; Cruchaud et al, 19553 Balsam
et al, 1978a), human kidney slices (Albright and Larson, 1959}, rat Tiver
slices (Green, 1976; Balsam et al, 1978a), perfused rat heart (Rabinowitz
and Hercker, 1971}, rat thyrcid (Haibach, 19715 Green, 1978) and pituitary
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fragments (Siiva et al, 1978b; Cheron et al, 1979), human leucccytes {Kleba-
noff and Green, 1973) and cell cultures of human fibroblasts (Refetoff et al,
1972}, Tiver and kidney cells (Sterling et al, 1973) and rat pituitary tumors
{Gershengorn et al, 1979). Using similar techniques, Papavasiliou et al (1977)
noted conversion of rT3 into 3,3'-T2 in a rat pituitary tumor in culture.
Noteworthy are further studies by Sorimachi and coworkers of the deiodination
of several iodothyronines in monkey hepatocarcinoma cells in culture. These
cells were found to be active in the 5-deiodination of T4, T3, 3,3‘—T2 and
3,5-T2 and the 5'-deiodination of rT3 and 3‘,5‘—T2. From the incubations
3,3'—T2 and 3'—T1 were primarily recovered as sulfates. Interestingly, no
conversion of T4 into T3 could be observed (Sorimachi and Robbins, 1977,
1978a,b, 197%a,bs Sorimachi and Cahnmann, 1979).

Radioactive substrates and chromatographic analysis of the reaction
products have also been employed in the analysis of the conversion of T4
inte T3 in homogenates and subcellular fractions of rat kidney {e.g. Chira-
seveenuprapund et al, 1878) and 1iver (Harris et al, 1678b; Balsam et al,
1878b).

Deiodination of unlabelled substrates {by quantitation of metabolites
with radioimmunoassay) has been demonstrated to take place in various intact
cell preparations. For instance, conversion of T4 in T3 has been detected
in perfused rabbit kidney (Adlkofer et al, 1977} and rat Tiver {Hesch et al,
1975; Jennings et al, 1979}, isclated rat hepatocytes (Hesch et al, 1975;

Van Noorden et al, 1979) and renal tubules (Heyma et al, 1978), rat pituitary
tumor in culture {Melmed et al, 1979) and human Teucocytes {Woeber and Maddux,
1978). Producticn of rTS from T4 by the kidney {Heymz et al, 1978) and
Teucocytes (Weeber and Maddux, 1978), and of 3,3‘-T2 from PT3 by Tiver cells
{M.H. Otten and T.J. Visser, unpublished cbservations) have similarly been
observed,

By far most of the observations of the enzymatic deiedination of icdo-
thyronines have been made using broken cell preparations, measuring the
products with the aid of specific radioimmunclogical techniques. Most of
these studies have employed rat Tiver and kidney homcgenates and subcellular
fractions thereof. In this system the following reactions have been followad:
conversion of T4 intg T3 (e.g. Hesch et al, 1975; Visser et al, 1975a, 1976a;
Hifner and Knopfle, 1976; Chopra, 1677; Kaplan and Utiger, 1978a), conversion
of T4 inte rT3 (e.g. Cavalieri et al, 1977; Hdffken et al, 1977; Hifner et
al, 1877; Visser et a1, 1978c, 1979a), conversion of rT3 and T3 into 3,3'uT2
{e.g. Chopra et al, 1978c; HSffken et al, 1%78a; Hlufner and Grussendorf,
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1978; Visser et al, 1978c¢, 1979a) and conversion of 3',5'~T2 into 3'—T1
(Visser and Van Overmeeren, 1980a). 5'-Deiodination of T4 in rat pituitary
homogenates has also been followed by radioimmunvassay of T3 {Silva et al,
1878b; Kaplan, 1980).

3.4. Localization of deiodinase activity

There is general agreement that, irrespective of the substrate used,
deicdinase activity is associated with the particulate fractions of tissue
homogenates, predominantly with the microsomes (e.g. Hesch et al, 19875;
Visser et al, 1976b). Deiodination by this fraction is stimulated by the
addition of cytosol (Visser et al, 1976b; see Fig. 3.2.) suggesting the
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Fig. 3.2. Conversion of Ty into T, by rat Tiver homogenate {H)}, mitochondrial
(M), lysosomal (L}, mic%osoma1 (P) and supernatant (S) fractions
(o) ; the effect of addition of the supernatant to the particulate
fractions (@). {(Concentrations of fractions given as mg protein/ml;
from Visser et al, 1976b).

requirement for a soluble cofactor. Highest conversion rates of T4 into rT3
were observed by Cavalier? et al (1977} in rat liver cytosol, but this finding
may be due to a slight contamination of this fraction by microsomal protein

in combination with - strangely enough - a relative lack of rT3 5'~deiodinase
activity (see also Fekkes et al, 1979). Conversion of T4 into rT3 in homogen-
ates or microsomes is difficult to estimate due to the highly effective
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breakdewn of rT3 by &'~deiodination (Hufner et al, 1977; Visser et al, 1978¢c).
More recently, investigators have attempted to define more exactly the intra-
cellular Tocation of deiodinase activity. Leonard and Rosenberg (1978a) ob-
tained evidence for a plasma membrane Tocation for T4 5'-dejodinase activity
in rat kidney homogenate. The same, was also suggested by Maciel et al {1579b)
for the Tiver enzyme, although this was not supported by their own data. Auf
dem Brinke et al (1979, 1980) and Fekkes et al (1979) found a clear associat-
ion between dejodinase activity and marker enzymes for Tiver endoplasmic
reticulum. This was found to be true following both 5- and 5'-deiodinations.

3.5. Characteristic features of enzymatic deiodination

It is now well established that the deiodinations of iodothyronines are
enzymatic processes. To certain limits, deiodinase activity is Tinearly related
to the concentration of microsomal protein in the reaction mixture, and accumul-
ation of products is linear with time of incubation (e.g. Visser et al, 1979a).
The factors involved with the conversion of T4 into Tower substituted iodo-
thyronines are sensitive to heat. Heating tissue preparations for only 30 min
at 56°C was sufficient to destroy deiodinase activity completely {Visser et
al, 1975a). Several authors have reported on the inhibitory effect of SH
group-blocking agents {see section 3.7}. Moreover, it has been demonstrated
?epeatedly that 5- and 5'-deiodinase catalysed reactions cbey Michaelis-Menten
kinetics, where apparent Km values for most reactions in rat liver homogenate
or microsomes vary between 1 and 10 ¢M (Chepra, 1977; Hifner et al, 1977;
Chopra et al, 1878¢; Hoffken et al, 1978b; Kaplan and Utiger, 1978a; Kaplan
et al, 1979; Visser et al, 197%a). However, the apparent Km aof rT3 in the
5'-deiodinase-catalysed conversion into 3,3'~T2 is substantially lower, i.e.
10'7 - 10“8 M {Hufner et al, 1877; Chopra et al, 1678c; Kaplan and Utiger,
1978a; Kaplan et al, 1979; Visser et al, 1979a). For 3',5'--T2 in the enzymatic
5'~deiodination into 3'«T; an intermediate apparent Km value (1(}"6 " 10'7 M)
has been estimated (Visser and Van Overmeeren, 1980a; D. Fekkes, E van Over-
meeren and T.J. Visser, unpublished observations}. Similar estimates of Km
values for T4 and rT3 have been reported for the 5'-deicdinase from rat kidney
(Chiraseveenuprapund et al, 1878; Kaplan et al, 1979). However, quite different
figures have been published for the hepatocarcinoma {Sorimachi and Robbins,
1979b) and anterior pituitary enzymes (Kaplan, 1980).

The effect of pH on the several deiodinations has been studied extensively.
In Tiver preparations, conversicn of T4 into TB has been found to be most
effective at pH 6-7 (Cavalieri et al, 1977; Chopra, 1977; H&ffken et al, 1977;
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Hufner et al, 1977; Visser et al, 1978c, 1979%a). In first instance, production
of rT3 from T4 was found to be optimal at pH 9-9.5 {HOffken et al, 1977;
Hifner et al, 1977). It was, however, observed that at more physiolegical pH
values, rT3 was degraded too rapidly into 3,3'—T2 to allow its direct measure-
ment. By foliowing the production of 3,3'-T2 instead it was deduced that 5-
deipdinaticn of T4 was most effective at pH & (Hifner and Grussendorf, 1978;
Visser et al, 1978c, 1879a). This value is in agreement with that found by
Cavalieri et al (1977}, who studied this reaction in rat liver supernatant
fraction. Conversion of T3 into 3,3‘-T2, which is analogous to the conversion
of T4 inte rTS (5-deicdinaticn), has also been shown to be optimal at approx-
imately pH 8 (Chopra et al, 1978c; Hoffken et al, 1978a; Visser et al, 1978c,
1879a).
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Large discrepancies have been reported with respect to the effect of pH
on the conversion of rT3 into 3,3'mT2, which is analogous to the production
of T3 from T4 (5'-deiodination). Optimal values for pH have been reported to
amount to 8-9 {Chopra et al, 1978c), approximately & (HiUfner and Grussendorf,
1978), 7.7 (Gavin et al, 1980a), 7.3 (Hoffken et al, 1578a) and 6.5 ({Visser
et al, 1978c). It has, however, been shown that the effects of pH on product-

ion rates of 3,3'~T2 depend on the concentration of rT, tested (Visser et al,

3
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1979%a; Visser and Van Overmeeren, 1980a). At low substrate concentrations,
reaction rate is highest around pH 6.5, whereas with high rT3 concentrations,
defodination proceeds more rapidly at about pH 8. Strikingly similar obser-
vations have been made in the study of the conversion of 3',5'—T2 into 3'—T1,
also a 5'-deiodination (Visser and Van Overmeerven, 1680a; see Fig. 3.3). As
far the 5'-deiodination, the apparent Km for rT3 is much lower and the Vmax
much higher than the corresponding values for T4 (Visser et al, 1979a). These
kinetic parameters are different functions of pH depending on whether rT3 or
T4 is substrate (Visser et al, 1979a; see Fig. 3.4.).
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Fig. 3.4. Effect of pH on the kinetic parameters of enzymatic 5- and 5'-
deiodinations (means + S.E.M., n=3-5; from Visser et al, 1979a).

Despite these differences, evidence has been obtained that both react-
ions are catalysed by a single enzyme (iodothyronine 5'-dejodinase). Thus,
T4 is a competitive inhibitor of the 5'-deiodination of rT3 (Kaplan and



Table 3.2. EFFECTS OF CONDITIONS ON ENZYMATIC DEIODINATION OF IODOTHYRONINES IN RAT LIVER AND KIDNEY PREPARATIONS

Stimulation

Inhibition

No or slight effect

Thiols* 7, anoxia®-%,
EDTAZ-X, diphenyl-

hydantoin in vivo®,

hyperthyraidism®<*+¥,

Heat®/% B nemdr%, Haﬂze’k, t-butylperoxide?,
iodoacetic acid™, silver and mercury jons®<P<9,
mercuri compounds®/9-¢, Gssa?, diamide?-7-°,
5032"r, thiouraci1d:Psq dinitrophenol9:™,
X-ray contrast agents?, dexamethasone in
vivoT+E¥, fasting? ¥V, diabetes?,

WiXey

hypothyroidism

NAD(P)2+CK+L | nap(pyHR-C K L EDTAPA,
flavins® X, methimazole®”®, thiourea®™ s,
tyrosine®’€+1, MiT2-c+1 prrascel

el y-methyltyrosineS”
l,q’

dinitrotyrosine®
k.1 proprano]o1k, dexamethasone
diphenylhydantoin’, 1~/%/%, oy ecfs”,

SONTErS, R, Fe?t9, Fe3t4, ascorbic

acidl.

References: “Visser et al, 1976b; bCavalieri et al, 1977; “Hirner et al, 1977; dChopra, 1978; eﬂaffken et al,

¥ A X
1978b; Harris et al, 1979 ; gKaplan et al, 1979; hLeonard and Rosenberg, 1978a; lVisser, 1979, Jvdsser

et al, 1978c;

1579a; Kaplan, 1979a;
t .. .- .

Rosenberyg, 1978b; Hiufner and Xnopfle, 1976; Ypalsam et al, 1978b; Viarris et al, 1378b; Yerussendorf

and Hifner, 1977; ‘Balsam et al, 1978a;

kchiraseveenuprapund et al, 1978, lchopra, 1877, mchopra et al, 1978c; Balsam et al,

L

v

Vigser et al, 1975a; qkaplan and Utiger, 1978a; rV’.isser, 1980a; SLecnard and

Kaplan and Utiger, 1978b,
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Utiger, 1978a; Visser et al, 1979a) and vice versa (Chopra, 1977; Kaplan

and Utiger, 1978a), where Ki and Km values were found to be equal under
various conditions. Also 3',5‘—T2 competitively inhibits the 5'-deiodinatien
of T4 (Chopra et al, 1978a). Evidence may be obtained that conversion of T4
into rT3 and of T3 into 3,3'-T2 is mediated by a separate enzyme {iodothyro-
nine 5-deiodinase). Kinetic parameters of both conversions showed to be
similar functions of pH (Visser et al, 1979a; see Fig. 3.4.). Not only the
relatively Tow Tevel of 5'-dejodinase activity of monkey hepatocarcinoma
cells, but also the finding that the inhibitory effect of T4 on the 5'-
deiodination of rT3 is negligible (Kim10'5 M) compared with its potent
inhibition of the 5-deiodination of 3,5-T2 (KimlO“8 M), strongly suggest
that separate enzymes are involved in these processes (Sorimachi and Robbins,
1979b). Based on differences in K values with small variations in pH, Auf
dem Brinke et al (1979) suggested that more than one enzyme catalyses the
cenversion of T4 into T3. The significance of these observations remains to
be estabiished.

The characteristics of enzymatic deiodination of icdothyronines in
homogenates and microsomal fracticns of rat liver and kidney are summarized
in Table 3.2. Converting activity is impaired in tissues from fasted and
diabetic rats. Enzyme activities are decreased in hypothyroid, and increased
in hyperthyroid animals. In general, concomitant changes are observed in the
conversion of T, inte T3 and that of rT3 into 3,3'—T2 (Kaplan and Utiger,
1978a,b; Kaplan et al, 1879). Properties of deiodinase activities in Tiver
and kidney appear to he very similar {(Kaplan et al, 1979). However, their
regulation in vivo differs in some respects, judged from the effects of
thyroid (Kaplan and Utiger, 1978b) and nutritional status (Kaplan et al,
1979). A very interesting observation is that - in contrast to peripheral
tissues - deiodinase activity in the pituitary is decreased in hyperthyroid-
ism, increased in hypothyroidism and unaffected by fasting (Cheron et al,
19795 Kaplan, 1980). Also, Sorimachi and Rebbins (1978b) found that deletion
of nutrients from the incubation medium had nc effect on phenolic ring de-
iodination by hepatocarcinoma cells, whereas non-phenolic ring defodination
was even accelerated.

Addition of propranclol, a-methyltyrosine, dexamethasone or diphenyl-
hydantoin does not influence deiodinase activities of tissue homogenates.
Propranolol, in high concentrations (»290 M), inhibits conversion of T4 into
T3 by rat hepatocytes (Van Noorden et al, 1979), whereas lower concentrations
also do not interfere with the formation of 3,3'—T2 frem rT3 in this system
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{M_H. Otten and T.J. Visser, unpublished observations). Liver and kidney
homogenates from rats pretreated with dexamethasone show decreased T4 5'-
deiodinase activities. Treatment of fetal sheep with cortisol paradoxically
enhances defodinase activity of liver and kidney (Wu et al, 1978b). Pretreat-
ment of rats with diphenylhydantoin has a stimulatory effect (Hifner and
Kngpfle, 1976).

3.6 Cofactors

Stimulation of T4 5'-deiodinase activity of rat liver homzgenate was
observed by the addition of NAD while NADH, NADP and NADPH were without
effect (Visser et al, 1875a}. The stimulatcry effect by NAD could not be
confirmed in a subsequent study (Yisser et al, 1976b). A lack of effect by
addition of any of these nicotinamide-adenine dinucleotides has also been
reported by other authors {Chopra, 1977; Hiifner et al, 1877; Chiraseveen-
uprapund et al, 18978}, although NADPH may stimulate T4-T3 conversion 1in
tissue preparations of fasted (Balsam et al, 197%a) and hypothyreoid (Balsam
et al, 1979b) animals (see chapter 4). Flavins have been shown to have no
effect on enzymatic deiodination, although addition tc rat 1iver homogenate
stimulated non-enzymatic production of T3 from T4. This was not observed
upon exclusion of 1ight {Visser et al, 1975a).

During subcellular fractionation of rat 1iver homogenate T4 5'~deiodin~
ase was 10s5% so that in ngne of the fractions obtained production of T3 could
be detected. Only on combining the particulate fractions, in particular the
microsomal fraction, with the 100 000 x g supernatant converting activity
was recovered {Vigser et al, 1976b). This has been confirmed by other investig-
ators (Balsam et al, 197%a,b; Kaplan, 1979a,b). These findings indicate that
there is an absolute reguirement for a soluble cofactor in the cytesol. In
the investigation of the possible constitution of this factor it was found
that cytosol could effectively be replaced by simple thiols such as dithic-
threitol (DTT), 2-mercaptcethanol and 2,3-dimercaptopropanolol, and it was
suggested that reduced giutathione (GSH) is the endogenous cofacior {Visser
et al, 1976h; see Fig. 3.5.).°

Since then a large number of reports has been pubiished on the stimul-
ation of deiodinase activity in various tissue preparations by mercapto
compounds. Thus, thicls stimuTlate both 5- and 5'-deicdinase activities of
Tiver and kidney (Table 3.2.), leucocytes (Woeber and Maddux, 1978) and
hepatocarcinoma cells {Sorimachi and Robbins, 1979b). Mercapto compounds
also stimulate conversion of T4 into T3 in pituitary tumor cells (Melmed et
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Fig. 3.5. Effects of 1 mM dithiothreitol (DTT), dimercaptoproparcl (DMP} or
mercaptoethanol (ME) on the conversion of T4 inte T3 by rat liver
microsomal fraction (from Visser et al, 197gb}.

al, 1979} and pituitary homogenates (Silva et al, 1978b; Kaplan, 1980).

Dithioerythritol {(DTE) and DTT are the most potent stimulators of deicdin-
ase activity, while 2-mercaptoethancl and 2,3-dimercaptopropanal are less
active, and GSH is clearly the least effective (Visser et al, 1976b; Cavalieri,
1977; Chopra, 1978).

It has recently been established that thiols are real cofactors in deiodin-
ation processes, since it has been demonstrated that there is an active part-
icipation of these compounds in these reactions. Thus, thicls act as the second
substrate in the 5'-deiodination of Ty {Leonard and Rosenberg, 1978b) and of
rT3 {(Visser, 1879), reactions which are bhelieved to follow a ping-pong mechanism
{see section 3.8.). Therefore, the enzymatic deicdinaticn of iodothyronines
(TIn) is a reduction, where the reductive equivalents are suppiied by thiol
cofactors {R-SH}: TIn + 2 R-SH =+ TIn-l + R-8-5-R + HI (note that TIn_l contains
missing H).

3.7 Inhibitors

Two c¢lasses of inhibitors of 5- and 5'-deiodinase-catalysed reactions
have been studied in some detail. In the first category are the compounds
which react more cr less specifically with sulfthydryl groups. Conversion of
T4 into T3 in tissue homogenates and subcellular fractions is inhibited by
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addition of N-ethylmaleimide {NEM}, HZOZ’ diamide, silver and mercury ions,
mercury containing compounds such as p-chloromercuriphenylsulfenic acid,
t-butylperoxide and cxidized glutathione {(GS5G; Table 3.2.). Iodoacetic

acid has been shown to inhibit formation of 3,3'-T2 from both T3 and rT3 in
rat 1iver homogenate in a neon-competitive fashion (Chopra et al, 1978c).
Conversion of 3',5'~T2 into 3'—T1 is alsc blocked by the action of NEM on
rat liver micrasomes (Visser and Van Overmeeren, 1980b). After incubation
with NEM, Ag+, Hg+ or p-chloromercuriphenylsulfonic acid, deiodinase activity
was not restored by the subsequent addition of excess thiols, indicating the
presence of essential cysteine residues in the enzyme{s) {Visser et al,
1975b; Visser and Van Overmeeren, 1980b). The non-competitive inhibition

by i1odoacetic acid may alse point into this direction.

The second group of compounds, which mainly consists of the thiouracil (TU}
derivatives, appears to react also with an essential sulfhydryl group of the
enzyme, but only after this has been oxidized during the deiodinatien process.
Notably PTU has been reported to inhibit both 5- and 5'~deiodinations in a
variety of tissue preparations, i.e. either intact cells (Cruchaud et al,
19555 Larson et al, 1955; Green, 1976; Heyma et al, 1978: Woeber and Maddux,
1978; Van Noorden et al, 1579) or homogenates and subcellular fractions
(Table 3.2.). Inhibition has alsc been observed in tissue preparations from
PTU-pretreated rats (larson et al, 1955; Lecnard and Rosenberg, 1978b; Balsam
et al, 1978b; Kaplan et al, 1979). Sorimachi and Robbins (197%a,b) found only
phenolic ring deiodination by hepatocarcinoma cells to be inhibited by PTU,
whereas deiodination of the tyresyl ring was unaffected. Generally, inhibit-
ory effects are observed with methimazole only at high concentrations (>1 mM),
although inhibition occurred also at 10 uM in Teucocytes (Woeber and Maddux,
1978). The structure-activity relationship of thicureylenes in the inhibition
of 5'-deiodinase activity has been investigated, and the low activity of
methimazole was found to be due to the Nl-methyT group (Visser et al, 1979b).

Inhibition by thicuracil and its derivatives is of the uncompetitive
type (Chopra, 1977; Chopra et al, 1978c; Leonard and Rosenberg, 1978b; Visser,
1979), and is competitively antagonized by DTT, methimazole and thiourea
(Leonard and Rosenberg, 1978b; Visser, 1979, 1980a}. A similar mode of inhibit-
ion is exerted by sulfite. However, its action is additive to that of methi-
mazole and thiourea (Visser, 1980a). It is of interest that also where the
action of PTU in vitre is concerned, deiodination in the anterior pituitary
has characteristics different from those in peripheral tissues- Inhibition of
T4-T3 transformation could be detected neither in tissue fragments (Cheron et
al, 1979) ner in homogenates (Kaplan, 1980).
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The mutual competitive inhibition by iodothyrenine substrates has been
discussed in sectien 3.5. In addition, pretreatment of rats with large doses
of rT3 resulted in a substantial lowering of T4—T3 converting activity of
Tiver homogenates (Coiro et al, 1980). Tyrosine, MIT, DIT and dinitrotyrosine
do not or only weakly inhibit iodothyronine deiodinase activity (see also
Larsen and Albright, 1861; Sorimachi and Robbins, 1879b). The latter is a
specific inhibitor of icdotyrosine deiodinase (Haibach, 1971). However,
dinitrophenol does Tower jodothyrcnine deiodinase activity, although not in
hepatoma cells {Sorimachi and Robbins, 1978a). Competitive inhibition by
several radiographic contrast agents of T4-T3 and r‘T3—3,3'—T2 converting
activity of liver, kidney (Kaplan et al, 1979) and pituitary homogenates
(Kaplan, 1980) has been described. Judged from their structures (Fig. 2.3.),

these compounds may be regarded as substrate analogues.
e
A Inhibition by PTU v
is uncompetitive
with respect te

N

substrate -
1/5
++
8 Inhibitien by PTU 7%
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with respect to
cofactor (e.g. DTT) -
1/ cofactor
+
c !(’“ and Vimex are a4 ++ cofactor
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by an increase in ) e
cofactor concentrotion,

/s
Fig. 3.6. Kinetics of enzymatic 5'-deiodination; effect of PTU and cofactor.
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3.8. Possible mechanisms of deiodination

Key observations concerning the pathway of enzymatic 5'~deiodination are
{see Fig. 3.6.): i) Lineweaver-Burk diagrams of iodothyronine substrate (TIn)
concentration against monodeiodinated product (TIn_l) formation at various
fixed concentrations of thiol compounds yield a set of parallel lines; ii)
Lineweaver-Burk diagrams of TI, concentration against TI . formation at
various fixed concentrations of TU or its derivatives yield another set of
parallel Tines; ii1) Lineweaver-Burk diagrams of thiol concentration against
TI, ; formation at various fixed concentrations of TU or its derivatives
yield a set of lines which intersect on the l/v axis (Leonard and Rosenberg,
1978b; Visser, 1979). These results indicate that enzymati¢ 5'-deicdination
follows a socalled ping-pong mechanism, a reaction involving two substrates
and two products, which enter and leave the enzymatic cycle sequentially
(Dixen and Webb, 1979}. Thus, reacticn of the first substrate (A) with the
enzyme (E) yields an intermediate enzyme complex {E') concomitant with the
formation of the first product (P). Reaction of the intermediate with the
second substrate (B) results in the generation of native enzyme and the
second product (Q; see Fig. 3.7.).

E-A g—PE'.P

£-Q = E'-B

Fig. 3.7. Ping-pong mechanism of enzymatic reaction invelving twoc substrates
(A,B) and two products {P,Q).

The findings suggest that TU reacts with the same intermediate as the
thiol cofactor. Since other studies (see secticon 3.7.) had indicated that
iodothyronine~deiodinating enzymes contain at Teast one essential cysteine
residue, it was suggested (Lecnard and Rosenberg, 1978b; Visser, 1979) fhat
the intermediate was formed by conversion of a sulfhydryl group into a higher
oxidation state. It has been shown that TU reacts more or less specifically
with protein-sulfenyl iodides under formation of protein-thiouracil mixed
disulfides {Cunningham, 1964; Jirousek, 1968; see Fig. 3.8.).
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OH

N/ N/
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<HI pP-5-5 N

p-sl +H5 N

Fig. 3.8. Reaction of thiouracil with protein-sulfenyl iodide {P-SI) yielding
a protein-thicuracil mixed disulfide (accoerding to Cunningham, 1564).

As a working hypothesis, it has been proposed (Visser, 1379, 1980a,b)
that thyroid hormone deiodination implies the formation of a dejodinase-
sulfenyl iodide {E-SI). Such a derivative is formed by transfer of an iodinium
ioh (I*) from the substrate to a sulfhydryl group of the enzyme (E-~SH). To
complete the cycle, the E-SI complex is subsequently reduced by cofactor
(R-SH}. It is also subject to reactien with thiouracil (U-SH) yielding a
dejodinase~thiouracil disulfide (E-3-S-U; see Fig. 3.9.}.

E-SH-Tl, 2= E-SI-Tl

Tl Tla-1
Hi
4 \ -
E-SH « VN E-Si
K\ R-S-S-R 2 R-SH U~SH
~
N\
U-SH <X
N
~ Hl
N E-5-5-U
Fig. 3.9. Pathway of enzymatic deiodination of iodothyronines (TIn); the
role of cofactor {R-SH) and inkibition by thisuracil (U-SH).

Competitive attenuation of the inhibitory effects by TU with methimazole
and thiourea suggests that all these compounds compete with cofactor for the
E-ST intermediate. The small effect by methimazole and thiocurea on deiodin-
ation compared with that on fodination points to a different structural
requirement for inhibitors of these processes. The findings suggest that
methimazole (M-SH) also Torms a mixed disulfide with the enzyme on reaction
with the SI group {E-SI + M-SH » E-$-S-M + HI). This disulfide would be rapid-
1y reduced by cofactor (E-$-5-M + 2 R-SH - E~SH + R-S-S-R + M-SH}, whereas
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the enzyme~-thiouracil disulfide apparently is not. Amelioration of the inhibit-
ion by TU with methimazole may also be the result of a thiol-disulfide exchange
(E~5-5-U + M-SH -+ E~5-S5-M + U-SH)} foliowed by rapid reduction of the enzyme-
methimazole disulfide. It was found that methimazole is not a cofactor of
deicdinase catalysed reactions (unpublished results), excluding reactions such
as E-SI + 2 M-SH » E-SH + M-5-5«M + HI and, therefore, £-5-5-M + M~SH + E~SH +
M-5-5-M.

Finally, sulfite has similar effects on the kinetics of enzymatic deiodin-
ation, suggesting that it also is a dead-end inhibiter (Dixen and Webb, 1972},
acting on the E-SI intermediate. This would yield a thiosulfate: E-SI + HSO3 -
E-S-SO3_ + HI (Parker and Kharash, 1959; Visser, 1980a}. The additive rather
than competitive action of methimazole in the presence of sulfite may indicate
that HSO3' also reacts with the enzyme-thioureylene disulfide {E-5-3-U or
E-$-5-M + HSO3 > E-—S-SO3 + U-5H or M-SH; Parker and Kharash, 1959; Visser,
1980a).

Although the hypothesis concerning the invclvement of an E-SI complex in
the deiodination of fodothyrenines is attractive, the actual formation of such
intermediate is far from established. Due to the extreme lability of such
groups it would appear an almost impossible task to proof the validity of the
model. Experiments, however, may be designed, by which circumstantial evidence
for the proposed mechanism may be obtained. Apparently covalent binding of
radicactive TU to the 5'-dejodinase, which only takes place in the presence
of substrate (and, therefore, only after the formation of the E-SI intermediate)
is one such piece of evidence {Visser and Van Overmeeren, 1979; Lecnard and
Rosenberg, 1980). Also the irreversible inactivation of the enzyme by TU which
only occurs in the presence of substrate (Leonard and Rosenberg, 1978h, 15980;
Visser and Van Overmeeren, 1980b} are in line with the hypothesis. In these
inactive complexes, TU is probably Tinked to the enzyme via a $-S bond, as
suggested by the finding that DTT not only prevents their formation but also
regenerates free enzyme and thiouracil once these complexes have been formed.

On the assumption that enzymatic deiodination of icdothyronines follows
the pathway depicted in Fig. 3.9., there have been speculations on the molec~
ular mechanism of these reactions (Visser, 1979). Deiodination of the phenolic
ring and that of the tyrosy! ring have several properties in common, 7.e.
stimulation by thiols and uncompetitive inhibition by TU (e.g. Chopra et al,
1978c). This suggests a common underlying mechanism for both reactions, and
thereby seems to dispose of one of the possibilities, which have been consider-
ed. This reaction mechanism was based on the cbservations by Hartmann and co-
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workers (Hartmann et al, 1971a,b; see also Friedman, 1973) of the non-enzymatic
deiodination of DIT by cysteine. Although formation of an E-SI complex by this
mechanism is entirely feasible, this possibiTity was rejected since it requires
the presence of a phenolic hydroxyl group in the ortho position to the jodine
substituent. Therefore, deiodination of the tyrosyl ring is not possible (Vis~
ser, 1979).
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Fig. 3.10. Mechanism of deicdination of 5-icdo-2'-~deoxyuridylate by thymidylate
synthetase (according to Wataya and Santi, 1975).

A second possibility was considered more 1ikely, which is related to the
mechanism of action of thymidylate synthetase in the reductive dejodination of
5-iodo-2"~deoxyuridylate {see Fig. 3.10.) as elucidated by Santi and cowerkers
(Wataya and Santi, 1975; Pogolotti and Santi, 1977; Garrett et al, 197%; see
also Sander, 1977; Chikuma et al, 1978). Applying this model to the reductive
deiodination of igdothyronines (see Fig. 3.11.) implicates a primary attack of
an enzyme nucleophile (X} at the 6' (or the equivalent 2') position. This
results in the formation of a covalent 5',6'-dihydrosubstrate-enzyme complex.
Elimination of I™ in a concerted mechanism with the aid of an enzyme-thiolate
anion yields the E~SI complex and monodeiodinated substrate.

Any proposed mechanism of acticn of iodothyronine deicdinase is based
mainly on speculatien. The above model, however, suffices as a working hypo-
thesis as it can be verified by experimental testing. It is an attractive model
since both phenclic and tyrosyl ring dejodination may occur via such a mechan-
ism. Moreover, it may explain why rT3 and 3',5'-T2 are better substrates for
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Fig. 3.11. Possible mechanism of enzymafic 5- and 5'-deiodination.

the 5'-deiodinase than T4 (Visser et al, 1979a; Visser and Van Overmeeren,
1980a). Since 5'-defodination is supposed to involve the reaction of an enzyme-
nucleophile with Csl {or Czl), bulky jodine substituents on C3 and Cs may inter-
fere with the formation of a proper contact between enzyme and substrate. Relief
from steric hindrance by deletion of one or both of these icdine atoms may,
therefore, account for the preferred reactions with rT3 and 3',5‘-T2. To test
the validity of the model, substrate analogues could be prepared - in analogy
with thymidylate synthetase-catalysed reactions (Matsuda et al, 1978; Mertes

et al, 1978; Brouillette et al, 1979) - which would arrest the catalytic cycle
at the stage of the 5',6'-dihydrosubstrate-enzyme complex. The most cbvious
compounds to test would be nitrothyronine derivatives. Finally, to stress the
speculative nature of the above discussion it is mentioned that even the
stoichiometry of enzymatic iodothyronine deiodination with respect to cofactor
oxidation has not been settled.

The here described mechanism for fodothyronine-deiodinating enzymes is
clearly different from that for iodotyrosine deicdinase. The latter is also a
microsomal enzyme occurring in the thyroid as well as in the Tiver. It has been
characterized as a flavoprotein, containing FMN, and reductive equivalents may
be suppiied either by NADPH through an electron carrier with its specific
reductase, or directly by dithionite (Rosenberg and Goswami, 1979; Goswami and
Rosenberg, 1879}.

Thyroid hormone deiodination is not mediated by tyrosine hydroxylase
{Rokos and Scheiffele, 1979), nor by thymidylate synthetase {Visser et al,
1978¢).
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Irrespective of the exact molecular mechanism of inhibition by TU, it is
evident that coincubation with substrate is a prerequisite for inactivation of
icdothyronine deiodinase. This offers the possibility to assess more directly
which iodothyronines are substrate for a common enzyme. It was found that pre-
incubation of rat liver microsomes with TU and Tow concentrations of T4, rT3 or
3',5‘—T2 resulted in the persistent and concomitant diminuticn of rT3 and 3°,5'~
T2 5'-deiodinase activity (Visser and Van Overmeeren, 1980b). Preincubations
with TU only or jodothyronines only or with TU in the presence of T_ or DIT
were without effect. Lower concentrations of rT3 and 3',5'-T, than of T, were
needed to achieve a similar degree of inactivation. As rT3 and 3’,5'—-T2 are
also more readily deiodinated at the 5' position than T4, these findings Tend
support for the supposition that deiodination of substrate and, thus, iodo-
enzyme complex formation preceeds inactivation by TU. The results demonstrate
that indeed T4, rT3 and 3',5'--T2 are substrates for a single 5'-deiodinase.
Surprisingly, it was found that high concentrations of 3,5~T2 also assisted
in the production of inactive enzyme-TU complexes. This indicates the possibil-
ity of one enzyme mediating the sequential breakdown of T4 by both 5- and &'~
deicdination. The alternative explanation still is the two enzyme-concept
implicating preference rather than selectivity of the 5- and 5'-deiodinase
with respect to the positiecn of the iodine atoms in the substrate (Visser and
Van Overmeeren, 1980b). Up to now it has not been possibie to separate 5~ from
§'~deiodinase activity in detergent extracts of liver microsomes (Fekkes et
al, 1980).

3.9. Conclusions

With respect to the metabolism of icdoamino acids, three types of deiodin-
ative reactions may be distinguished: i) oxidative breakdown of iodothyronines
with release of jodide, i) enzymatic, reductive deiodination of iodothyro-
nines, and iii}) enzymatic, reductive deiodination cf iodotyrosines. In the
presence of tissue components both enzymatic and nen-enzymatic pathways are
involved with the oxidative breakdecwn of T@' Similar degradation may, however,
also occur in the absence of tissue preparations, provided that conditions
allow for the generation of free radical species. The initial step is probably
the formation of a phenoxy radical. Ameng the products are iodide, derived from
the phenolic ring, and DIT. Iodination of protein, if present, has frequently
been observed. The physiological significance of this reaction is considered
minimal, because of mechanisms within the cell, which prevent the creation of
the hazardous conditions necessary for this type of deiodination. Nevertheless,
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quite extensive metabolism of T4 by such a mechanism may take place in vivo
in phagocytosing leucocytes.

The oxidative degradation of T4 has for a Tong time interfered with the
detection of the specific conversion into T3 and rT3 and, subsequently, Tower
substituted jodothyronines in vitro. However, the introduction in recent years
of reliable techniques to measure the specific metabolites has made it possible
to study this second type of deiodination. Evidence has been presented that
these reactions are enzymatic in nature. The enzymes are located in the ende-
plasmic reticulum of Tiver and, possibly, in the plasma membrane fraction of
kidney homogenate. Mercapte compounds are required for deiodinase actiwvity.
Thiouracils are potent inhibiters of these reactions. Based on the kinetics of
stimulation by thiols and inhibition by TU, a ping-peng mechanism has been
indicated. Accerding to the proposed model, the reductive deiodination of jodo-
thyronines is envisaged as a transfer of an iodinium ion from the substrate to
a receptive group on the enzyme, followed by the reduction of this iodo-enzyme
complex by thiol groups of the cefactor. The specific reaction of thioureylenes
with sulfenyl iodides point to the formaticn of such an enzyme derivative:

T (substrate) + E-SH (enzyme) - TIn~1 {first product) + E-SI (intermediate)
E-SI+ 2R-SH (cofactor) - E-SH + R-5~5-R + HI {second product).

It has been shown that T4, rT3 and 3',5‘-T2 are substrates for a common
enzyme catalyzing the deiodination of the phenolic ring. However, 3,5--T2 also
appeared to be deicdinated by this enzyme, though with less efficiency. This
may indicate either that all possibie deiecdinaticons are mediated by a single
enzyme or that two enzymes are required (jodothyronine 5- and 5°-deiodinase)
which do not exhibit full specificity as far as the positions of the iodine
substituents in the substrate are concerned. Deiodination of the phenolic ring
{at low substrate concentrations) is optimal at slightly acidic pH, whereas
non-phenolic ring dejodination proceeds maximally in a slightly alkaline milieu.
As various manipulations affect deicdinase activity of isolated tissues in the
same way as observed in the intact organism, it is concluded that these in vitro
observations are representative for the physiclogical situation {see Table 3.3.).

The third type of reaction concerns the enzymatic deiodination of icdo-
tyrosines. This is catalysed by a flavoprotein from thyroid and Viver micro-
somes, where reductive equivalents are supplied by NADPH via an as yet un-
identified electron carrier and its specific reductase.
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Table 3.3. EFFECTS OF VARIQUS IN VIVO AND IN VITRO TREATMENTS ON THE CONVERSION
OF T4 INTD T3 IN THE INTACT ORGANISM AND IN LIVER HOMOGENATES?

Treatment or condition In vive In vitro
Body T4-T3 Tissue T4-T3 Tissue T4-T3
conversion convarsicn conversion

Starvation ¢ ¢ -

Carbohydrate feeding f f -
Diabetes meliitus ‘ v -
PTU v v v
MethimazoTle = =
Dexamethascne J' =
Propranclol

X-ray contrast agents
r'T3

a=Methyltyrosine
Diphenylhydantoin

- s — - ||
-.— .—
— - |

. -

—» |l

a , ,
f, increased; ¢, decreased; =, unaffected; -, not tested or not applicable.
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4. REGULATION OF THYROID HORMONE DEIODINATIGN

4.1. Introduction

Several factors must be considered to play a rcle in the regulation of
peripheral thyroid hormone dejodination, i.e.: changes in i) substrate avail-
ability, ii) concentration of active enzymes, i1i7) concentration of cofactor,
iv) concentration of naturally occurring inhibitors, and v} pH.

While the enzymatic mechanism of iodothyronine deiodination is still only
partly understood and the basic question concerning the number of enzymes in-
volved has as yet not been resolved, several attempts have been made to identify
the cause of a change in T4 metabolism. Mest attention has been given to the ef-
fects of nutritional and thyroid status on deiodinase activity of tissue prepar-
ations.

4.2. Effects of nutritional and thyrcid status

Several studies have demonstrated that the deicdinase activity of un-
supplemented rat Tiver homogenates is decreased during fasting (Balsam et al,
1978b, 1979a; Harris et al, 1978b,c, 1979; Kaplan and Utiger, 1978a; Kaplan,
1979a; Kaplan et al, 1979; Chopra, 1980; Gavin et al, 1980a,b). In contrast,
no effect of fasting was observed in rat kidney homogenate (Kaplan et al, 1979)
and pituitary fragments (Cheron et al, 1979). In addition, "fasting" was found
to have no effect on the 5'~deiodination of rT3 in monkey hepatocarcinoma cells,
whereas production of rT3 from T4 was even increased (Sorimachi and Robbins,
1978a). Production of T3 from T4 by perfused rat Tivers from fasted rats was
found to be normal if related to the amount of T4 taken up. The Tatter was found
to be decreased (Jennings et al, 1979).

In rats, prolonged starvation is accompanied by decreased T4 and T3 levels
in the plasma. Hypothyroidism has been shown to lead to diminished deicdinase
activities of the tissues, whereas hyperthyroidism results in enhanced activ-
ities {lLarson et al, 1955; Grussenderf and Hifner, 19773 Balsam et al, 1978a,
1579b; Harris et al, 1978b, 1979; Kaplan and Utiger, 1978b; Kaplan, 1979b). A
notable exception is the converting activity of the anterior pituitary (Cheron
et al, 1979; Kaplan, 1980).

Several studies have indicated that the defect in rat liver 5'-deiodinase
activity induced by a 2-days fast is related to changes in intracellular GSH
concentrations. This was suggested from the findings that i) Tiver GSH content
is decreased during fasting (Harris et al, 1979; Chopra, 1980) 1ii) there was no



67

difference between deiodinase activity of "fasted" and "fed" homogenates if
this was measured after addition of DTT {(Harris et al, 1979; Chopra, 1880},
iii) the activity of the microsomal fraction tested with exogenous thiols
was not affected (Balsam et al, 197%a), iv) the potency of liver cytosol to
support deiodinaticn by microsomes was diminished {Balsam et al, 1979a) and
v) this diminished potency could not only be restered by the addition of GSH
but also with NADPH {Balsam et al, 1979a). Noteworthy are also the findings
by Kaplan et al {1979) who could not find an effect of fasting on deicdinase
activity of rat kidney homogenates. In contrast te liver, kidney GSH content
was found to be unaffected. ’

General agreement exists that there is a direct influence of thyroid
status on enzyme function rather than on GSH concentrations (Balsam et al,
1979b; Harris et al, 1979; Kaplan, 1979b). Studies have been conducted to
exclude that fasting-induced changes in peripheral thyreid-hormone metabolism
are secondary to a decrease in thyroid function. In these studies, the effects
of thyroid hormone administration during fasting were investigated. It was
found that the decrease in tissue deiodinase activity by short-term (2 days)
starvaticn was not reverted by hormone substitution (Harris ot al, 1978b, 1979;
Chopra, 1980). These results indicate different underlying mechanisms for the
decreased 5'-deiodinase activity of liver in early fasting and hypothyreidism.
However, during prolenged starvation an impairment of thyroid function appears
to play an important role (Chopra, 1980). This may explain the disparity
observed between tissue non-protein-SH content and deiodinase activity after
3 or 4 days of fasting (Kaplan, 1979; Chopra, 1980; Gavin et al, 1980a).

Thus, in the early phase of starvation, decreased peripheral production
rates of T3 may be accounted for by a decline in the concentration of cofactor.
In a later phase, tissue converting activity may be further impaired by a
decrease in the number of enzyme units due to ensuing hypothyroidism. This
dual mechanism is also apparent from the finding by Burger et al (1980), that
refeeding rats following 6 days of starvation - in contrast to shorter pericds -
did not induce an acute rise of serum T3. As fasting has no profound effects on
thyroid function in man, this prolonged defect of peripheral thyroid hormone
metabolism may be dissimilar in rats.

Even in short-term fasting, reduction of intracellular GSH cencentrations
cannot be the scle cause for the decreased deiodinase activity of rat Tiver.
Although many studies have emphasized the importance of carbohydrate intake
for optimal peripheral T3 production, protein depleticn has been recognized
as the predominant factor in the lowering of 1iver GSH content by fasting (Leaf
and Neuberger, 1947; Edward and Westerfeld, 1952; Barford and Eden, 1958).
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Mora specifically, GSH levels are related to the intake of cysteine, cystine

and methionine (Tateishi et al, 1%77). This contradistinction is substantiated
by the work of Gavin et al (1980b}, who found that GSH concentrations were
highest in rats fed a protein-rich diet, whereas deicdination was most effective
in homogenates from rats fed glucose cnly. Moreover, fortifying the glucose diet
with cysteine resulted in a rise of GSH levels, without a discernable effect on
deiodination.

It may be postulated that deiodinase activity is determined by the glu-
tathione sulfhydryl-disulfide ratic rather than by GSH levels per se (Fig. 4.1.).
This is strengthened by the observation of an inhibitory effect of GSSG on
tissue T4-T3 converting activity (Chopra, 1978), which may be due to the form-
ation of a mixed disulfide {E-5-SG) with an essential SH group. The activity
of other enzymes (e.g. fructose-1,6-diphosphatase and glycogen synthetase) is
also regulated by enzyme-glutathione mixed disulfide formation (Isaacs and Bink-
Tey, 1977a,b).

Tlh Tip-1
E-SH E-SI
GSSG GSH

GSH HI

p E-5-5G

Fig. 4.1. Possible regulation of thyroid hormone deiodination by &SH/GSSG ratio

It has previously been suggested (Visser, 1978; Balsam et al, 1979a) that
fasting-indyced changes may be explained by a diminished production of NADPH in
the hexose monophosphate shunt due to a lack of substrate (glucose). Since NADPH
is a cofactor in the reduction of glutathione by glutathione reductase this will
lead to a decrease in GSH Tevels (or the glutathione sulfhydryl-disulfide ratio)
and, consequently, to a decrease in deiodinase activity (Fig. 4.2.). However,
fasting does not induce a fall in Tiver NADPH concentrations {Greenbaum et al,
1971; Isaacs and Binkley, 1977b).

The following sequence of events may seem more Tikely. In fasting, glucagon
secretion is increased which stimulates adipose tissue to mobilize fatty acids
and the Tiver to oxidize these fatty acids. This results in increased product-
ions of H,0, which is metabolised via glutathione peroxidase at the expense of
G5H. The GSSG produced will then react with protein sulfhydryls to form mixed
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NADP 2 GSH Ty/3,3'-T,

NAQDPH GS5G Ta/fTg
Glutethione reductase
ledothyronine 5° ~deiodinase
Fig. 4.2. The role of NADPH and GSH in thyroid hormone deicdination

disulfides (Isaacs and Binkley, 1977b}.

In conclusion, it is suggested that oxidation of glutathione is an import-
ant factor in the decrease of tissue 5'-deiodinase activity as the underlying
mechanism for a defect in the peripheral metabolism of T4 during dietary
restrictions and perhaps also in systemic illness. For this it is necessary to
assume that the deiodination itself is the rate limiting step in the peripheral
conversion of thyroid hormone. An additional problem here is that not only 5'-
deiodinase activity but also the 5-deiodinase is dependent on the availability
of sulfhydryl groups. Nevertheless, in the intact organism, fasting is associat-
ed with a selective decrease of 5'-deiodinase catalysed reactions, leaving the
5-deisdination unaffected.

The analogy between starvation and the effect of PTU in vive is apparent.
Administration of PTU evokes the manifestations of a selective decrease in 5'-
deiodinase activity, i.e. decreased serum T3 and increased serum rT3 concentrat-
jons. Nevertheless, derivatives of TU have been shown to inhibit both types of
deiodination in vitro. It has been demonstrated that addition of TU and a de-
crease in the concentration of thiol compounds have identical effects on the
kinetics of enzymatic deiodinatien. Both manipulations interfere with the reduct-
ion of the E-SI intermediate (see previous chapter). It may of course be argued
that the 5'-deicdinase is more sensitive to these manipulations than the 5-
deiodinase (if at all these are separate enzyme entities). Since there is not
sufficient experimental evidence to support this assumption, this must remain
purely speculative.

Additional regulatory mechanisms for fasting-induced changes in the peri-
pheral metabolism of thyreid hormone have been suggested. Jennings et al (1979)
investigated conversion of T4 into T3 with the perfused rat Tiver. They found
that Tivers from fasted rats took up less T4 from the medium and produced less
T3 as compared with 1ivers from normally fed controls. If the production of T3
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was related to the amount of T4 taken up by the liver, no abnormality could be
observed. These authors concluded that the deiodination itself is not the rate-
Timiting step in the conversion of T4 into T3 but rather the transport of the
substrate from the vascular tc the intracellular compartment. A complicating
factor in these studies was, however, the presence of glucose in the perfusion
medium. Nevertheless, these findings suggest that variations in thyroid hormene
trangport through the plasma membrane play a part in the regulation of the
peripheral T4 metabalism. This does not appear unlikely as it has been found
that this transport is an active process, being dependent on intracellular ATP
concentrations (Krenning et al, 1978, 1979, 1980). Cytoplasmic ATP is strongly
diminished by fasting {Soboll et al, 1978).

Reduced uptake of substrate can not be the sole explanation for the reduced
conversion of T4 into T3 since in that case one would expect a cencomitant re-
duction in the conversion of T4 into rT3, which also takes place intraceliularly.
Unless most FTB is produced outside the liver, for which there is no experiment-
al evidence (see Fig. 4.3.). The hypothesis that changes in intracellular pH are
also involved in the modulaticn of the deiodinaticn processes has been put
forward by the group of Hesch. In their view, changes in pH could have an
effect either on the availability of substrate by influencing the binding to
intraceliular proteins {Hoffken et al, 1977) or on the activity of the deiodin-
ating enzymes {Hesch et al, 1980). These authors suggest that in the latter
situation a change in intracellular pH will result in a diminished degradation
(by 5'~defodination) of rT- The accumulation of this inactive metabolite will
in turn lead (by competitive inhibition) to a decreased conversion of T4 into T3.

4.3. General conclusions

It is generally conceived that T3 is the most active form of thyroid
hormone. Besides the small amount secreted by the thyroid most of circulating
T3 is derived from peripheral §*-deiodinaticn of T4. An alternative product,
rTs, is obtained by S5-deiodination of Tq- The biolegical pectency of rT3 is
negligible and so is probably the intrinsic activity of T4. The nature of
thyroid hormone synthesis suggests that it is directed to keeping the level
of inactive precursor at a constant level. The amount of active hormone produced
is then regulated at the level of peripheral tissues, i.e. at the site of the
target organs. Several clinical observations tend to suggest that indeed the
amount of T3 produced is adjusted to the need which exists in specific circum-
stances. It appears that this is mainly achieved by the regulatien of 5'-deiodin~
ase activity. In vitro studies of the deicdination of iodothyronines, mainly



71

v
T3 3
la) (b}

Fig. 4.3. Possible mechanisms for normal (A} or decreased (B) production of T
{by 5'~deiodination from T4) and degradation of rT3 (by 5'-delodin-
ation into 3,3°-T,).

I:5-and 5'-dei%dination take place in the same cell (tissue).
Observations can only be explained by a selective decrease in
§*-~dejodinase activity. A general decrease in defodinase activity
or a decrease in substrate uptake will also result in a diminished
rT. production.

IT1: 5-"and 5'-dejodination take place in different cells (tissues).
Observations can be explained Dy a defect in the 5'-deiodinating
cell (tissue}: decrease in deiodinase activity (a) or in substrate
uptake (b).

t
1

b

3

invelving rat liver preparations, have therefore been performed to elucidate
the molecular mechanism of this requlation.

These in vitro studies have indicated that all possible deiodinations are
enzymatic in nature, where the enzymes are located in the microsomal fraction
(endoplasmic reticulum). The activity of these enzymes depends on the avail-
ability of thiols in the cytoplasmic fraction, and GSH 1is probably the endo-
genous cofactor. Circumstantial evidence has been presented that the entire
sequential deiedination is catalysed by twe enzymes, i.e. iodethyronine 5- and
5'-defodinase. It has, however, also been demenstrated that if this proves to
be correct, the enzymes do not display full specificity with regard to the
position of the iodine substituents in the substrate. It may, therefore, be
quite possible that the 5'-dejodinase also mediates 5-deiodinations, though
with Tow efficiency, and vice versa. Based on the effects of TU and variations
in cofactor concentration on the kinetics of the 5'-deiodination, a model has
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been developed in which the reacticn is envisaged as consisting of two half-

reactions. In the first, there is a transfer of an jodinium jon from the sub-
strate to a sulfhydryl group of the enzyme. In the second half-reaction this

intermediate iodo-enzyme complex is reduced by cofactor to free enzyme {ping-
pong mechanism).

Armed with this rather poor knowledge of the deiodinating enzymes and the
reactions they catalyse, attempts have been made to explain the observations of
an altered metaboTism in experimental conditions, notably during starvation.
Most investigations have centered around the role of glutathione in the deter-
mination of deiodinase activity. They have revealed an association between the
oxidation state of glutathione and the rate ¢f S-deiedinaticn during fasting.
Several observations remain unexplained, however, which has led to the proposal
of additional regulatory mechanisms. These involve changes in cellular uptake
of T4 and changes in intracellular pH. Neither of these in itself can explain
the observed alteration in thyroid hormone metabolism. This iTlustrates the
complex nature of this matter and it seems pertinent that basic knowledge of
the enzymes is increased, before definite answers on questions concerning this
regulation can be given. A better understanding of the reactions will depend
on the availability of pure enzyme preparations.
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SUMMARY

Thyroxine (T4) is the main secretory product of the thyroid gland and
though a small amount of 3,3',5-triiodothyronine (T3) is also secreted, most
cf circulating T3 is produced by 5'-deicdination of T4 in peripheral tissues.
Alternatively, 5-deiodination of T4 yields 3,3',5"-triicdothyronine (reverse
T3, rT3). T3 is the only compound with significant biological activity. The
amounts of T3 and rT3 produced from T4 in the body may vary depending on the
pathophysiological situation.

The aim of my studies described in the appendix papers was te obtain
information about the characteristics and mechanism of thyroid hormone deiodin-
ation at the subcellular level. This would Tead to a better understanding of
the regulaticn of this process in the intact organism.

In chapter 1 the biosynthesis of thyroid hormone and the role of peroxidasé
is described. Reactions resulting in the formation of jodothyronines, i.e.
jodination and coupling of tyrosine residues, follow a radical mechanism and
are inhibited by derivatives of thiourea, e.g. propylthiouracil (PTU). In
addition, structure-activity relationships of jodothyronines as well as path-
ways for the metabolism of these compounds are considered, showing that both
quantitatively and qualitatively deiodination is the most important transform-
ation of T4.

Chapter 2 deals with the economy of thyroid hormone deiodination in physiol-
ogical conditions and the role of the diet and the effects ¢f drugs. Under
normal conditions approximately B80% of T3 and 95% of rT3 in the human bedy are
produced by peripheral deiodination of T4. However, in several non-physioicgical
situations {e.g. starvation, systemic illness and administration ¢f drugs such
as dexamethasone, propranolol, FTU and radicgraphic contrast agents) T3 form-
ation and rT, degradation are impaired. Supposedly, these effects are due to
a diminished 5'-defodinase activity of the tissues. The supply and utilization
of glucose appears to be important in this respect.

Chapter 3 and the appendix papers concern the study of enzymatic 5- and
B'~dejodination of several jodothyronines in tissue preparations, notably liver
and kidney homogenates. I studied the conversion of T4 into T3 and rT3 and their
further deiodination to 3,3'-diiodothyronine (3,3'~T2) in rat liver homogenates
and microsomal fractions. This included i) measurement of the metabolites with
specific radioimmunoassays, i1} investigation of the number and properties of
the enzymes involved with the sequential deiodination of T4, iii) the search for
possible cofactors, and iv} attempts to elucidate the mechanism of deiodination.



It is demonstrated that a single enzyme mediates the 5'-dejodination of
T4, rT3 and 3',5'~T2. This same enzyme may also catalyse - albeit with low
efficacy - the 5-dejodination of 3,5—T2. However, it seems Tikely that there
exists a second enzyme being more specific for 5-deiodinations. Up to now
efforts to separate 5- from 5'-deiodinase have been unsuccessful.

Thyroid hormone-deiedinating enzymes require mercaptc compounds for
activity and are strongly inhibited by derivatives of thiouracii. From the
kinetics of stimulation by thiols and inhibition by thiouracil it is concluded
that enzymatic dejodination follows a ping-peng mecharism. This mechanism is
thought to be composed of two half-reactions. In the first, an jodinjum ion is
transferred from the substrate to the essential sulfhydryl group of the enzyme,
yielding monodeiodinated substrate and an enzyme-sulfenyl iodide complex. This
enzyme intermediate is reduced in the second half-reaction by thiol groups of
the cofactor with the formation of free enzyme and iodide.

In chapter 4 an attempt has been made to relate in vivo observations of
an altered thyroid hormone metabolism to the characteristic features of enzym-
atic defodination. It is proposed that reduced glutathione is the endogenous
cofactor and that a decrease in the glutathione sulfhydryl-disulfide ratio
is responsible for the impairment of tissue 5'-deiodinase activity during
fasting. This may be an indirect result of increased fatty acid oxidation in
the Tiver cell in this situation. Additional regulatory mechanisms may involve
effects on cellular uptake of substrate.
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SAMENVATTING

Schildklierhormeon stimuleert het energieverbru%k van de Iichaamscellen
(basaal metabolisme). Het door de schildklier geproduceerde hormoon bezit echter
weinig biologische aktiviteit, omdat veel van de inaktieve voorloper thyroxine
(T4)* en slechts weinig 3,3',5-trijoodthyronine (T3)* gesecerneerd wordt. Ta is
de enige vorm van schildkiierhormoon met significante biologische aktiviteit.
Een groot gedeelte van het circulerende T3 ontstaat bij de dejodering van T4 in
de Jever en de nieren. Bij dit proces kan cok 3,3',5'-trijoodthyronine
("reverse" T3, rT3)* gevormd worden, een metaboliet met verwaarloosbare hormo=
nale aktiviteit.

Recent is aangetoond dat de hoeveelheid T4 die in T3 dan wel rT3 wordt om-
gezet niet konstant is. Wellicht wordt dit bepaald door de behoefte van het
Tichaam aan meer of minder biolcgisch aktief schildklierhormoan.

Mijn onderzoek had tot doel de eigenschappen van de enzymen te bestuderen
die betrokken zijn bij de dejodering van schildklierhormoon en het mechanisme
van de dejoderingsreakties op te helderen. Deze onderzoekingen zijn in de bij-
gevoegde publikaties beschreven. Met dit proefschrift werd becogd:

i) een Titeratuur-overzicht te geven betreffende de bestudering van de dejo-
dering van T4 in het intakte organisme;

i1} mijn onderzoek en dat van anderen naar de werking van bovengencemde enzymen
te bespreken;

iii) de manier waarop de dejodering van schildklierhormoon in het lichaam wordt
geregeld te verklaren aan de hand van onder ii) verkregen resultaten.
Sommige geneesmiddelen (verbindingen afgeleid van thicuracil) remmen zowel

de zanmaak {jodering) als de afbraak (dejodering) van schildklierhormgon. Dit

zou kunnen wijzen op mogelijke overeenkomsten tussen beide prccessen. Vandaar
dat in hoofdstuk 1 wordt beschreven hoe de joodthyronines in de schildklier
worden vervaardigd.

Het schildkliereiwit thyroglobuline bevat meerdere exemplaren van het
aminczuur tyrosine. Deze kunnen worden gejodeerd en vervolgens samengevoegd tot
joodthyronines. Zowel de joderings- als de koppelingsreaktie worden uitgevoerd
door hetzelfde enzym: het schildklier-peroxidase. Vroeger is verondersteld dat
hierbij een bepaald jodium-enzym complex {zgn. sulfenyl jodide) wordt gevormd.
Thicuracil zou met dit complex reageren en daarmege de vorming van het hormoon
belemmeren. Dit 1ijkt echter niet waarschijniijk.

"het cijfer duidt op het aantal jodium atomen in het molecuul (zie figuur 1.5.)
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Dat dejodering van het T4-m01ecuu1 een belangrijke reaktie is wordi nog
eens onderstreept door de gegevens die verder in hoofdstuk 1 worden besproken.
Het is waarschijnlijk zelfs zo dat elk effekt van T4 toediening aan mensen maar
ook aan proefdieren te verklaren is doordat uit dit T4 in het Tichaam het ak-
tieve T3 wordt gevormd.

De herkomst van circulerend T3 en rT3 is op verschillende manieren onder-
zocht (hoofdstuk 2). De konklusie is dat ongeveer 80% van het T3 en zelfs 95%
van het rT3 ontstaan bij de dejodering van T4 en, dus, dat slechts 20% van het
T3 en 5% van het rT3 direkt decor de schildklier aan de bloedbaan worden afge-
scheiden.

Dejodering van T4 gebeurt niet willekeurig. In diverse cmstandigheden (zo-
als tijdens vasten, ziekten en in gevalien van "stress") maar ook na toediening
van bepaalde medicamenten (waarcnder weer het thiouracil) blijkt het T3—gehaite
in het bloed verlaagd te zijn en het PTB—gehaTte verhoogd, terwijl het T4
meestal niet veel verandert. (Langere toediening van thiouracii Teidt uiteraard
ook tot een verlaging van de T4 spiegels). De Tlage T3 spiegeis blijken het ge-
volg te zijn van een verminderde omzetting van T4 in T3. Echter de produktie
van rT3 uit T4 blijkt niet veranderd te zijn. Dat het rT3-niveau in het bloed
is verhoogd wordt veroorzaakt door een verminderde klaring van deze stof.

Naar aanleiding van deze bevindingen heeft men verondersteld dat het enzym
dat T4 in T3 omzet (5'—dej0dase)* niet gelijk is aan het enzym dat de omzetting
van T4 in rTS bewerkstelligt (5-dejodase) . Het 1ijkt echter waarschijnlijk dat
het 5'~dejodase ook verantwoordelijk is voor de afbraak van rT3. De bovenge-
noemde veranderingen in het metabolisme van schildklierhormoon kunnen dan worden
verklaard door een slechter funktioneren van dit 5'-dejodase, terwijl het B-
dejodase ongemoeid verder dejodeert.

Het blijkt dat de Samenstelling van het dieet - veoral de hoeveelheid
koolhydraat daarin - een belangrijke rol speelt in de regulatie van de aktivi-
teiten van deze dejoderende enzymen. Aangezien vooral bij lever- en nierpatien-
ten afwijkingen optreden in de spiegels van T3 en rT3 in het bloed, wordt ver-
ondersteld dat de dejoderingsreakties heoofdzakelijk in deze organen plaatsvinden.

Sinds kort is het megelijk de diverse dejoderingsreakties, die leider tot
de vorming &n afbraak van T3 en rTs, te bestuderen in weefselpreparaten waarin
de celstruktuur niet meer aanwezig is (homogenaten). Voor mijn onderzoek heb ik
homogenaten van rattelever gebruikt (hoofdstuk 3 en bijgevoegde publikaties).
De betrokken enzymen h1ijken niet vrij in de cel voor te komen, maar zijn ge-

“5 en §' duiden op de posities van de jodiumatomen die door het enzym werden ver-
wijderd (zie figuur 1.5.)3 deze zijn equivalent aan, resp., posities 3 en 3'.
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bonden aan membraanstrukturen binnen de cel. Zuivering van deze enzymen is dan
ook niet eenvoudig. Wel is komen vast te staan dat inderdaad &&n enzym (het
5'-dejodase) verantwoordelijk is voor zowel de aanmaak van T3 (uit T4) als de
afbraak van rT3. Tot nu toe is het echter nog niet mogelijk geweest echt te
bewijzen dat bij de produktie van rT3 uit T4 een ander enzym (het 5~dejcdase)
betrokken is, hoe aannemelijk dit ock mag zijn.

De enzymen die schildklierhormoon dejoderen werken alleen in aanwezigheid
van een verbinding die SH-groepen bevat (cofactor). Dejodering wordt echter
geblokkeerd door thiouracil. De manier waarop de cofactor de dejodering stimu-
leert en thiouracil deze remt doet vermoeden dat de dejoderingsreaktie als volgt
verloopt: er wordt een jodium atocm in b.v. het T4-mo1ecuu1 vervangen door een
waterstofatoom waarbi] T3 of rT3 ontstaat. Het jodiumatoom {of liever het Tt
ion) wordt overgedragen op een SH-groep van het enzym waarbij hier wel (in
tegenstelling tot de joderingsreaktie) een sulfenyl jodide (SI)-grcep wordt
gevormd. De SI-groep op het enzym wordt vervolgens weer omgezet in de oorspron-
kelijke SH-groep na reaktie met de cofactor. De remmende werking van thiouracil
kan op deze manier worden verklaard door reaktie met een enzym-SI-complex.

In hoofdstuk 4 wordt getracht met summiere gegevens betreffende de werking
van deze enzymen een verkliaring te geven voor de beTnvloeding van de dejode~
ringsprocessen in het Tichaam onder verschillende kondities. Voora! de tijdens
vasten waargenomen veranderingen hebben veel aandacht gekregen.

Dejoderingsenzymen zijn dus afhankelijk van SH-verbindingen. Aangezien
gereduceerd glutathion de in hoogste concentratie voorkomende SH-verbinding in
de cel is, wordt aangenomen dat dit de fysiologische cofactor is voor deze
reakties. Nu blijkt dat tijdens vasten de dejoderingsaktiviteit van de cel
tegelijkertijd met de ceoncentratie van gereduceerd glutathion afneemt. Het
belang van voldcende koolhydraat in het dieet voor een optimale dejoderings-~
aktiviteit van de cel {s al gencemd. De concentratie van gereduceerd glutathion
wordt echter eerder bepaald door eiwit-inname. Het is dan ook zeer waarschijn-
1ijk dat meerdere faktoren een rol spelen in de regulatie van de dejoderings-
processen.

Een intrigerend fenomeen b1ijft het feit dat tot nu toe alleen variaties
in 5'-dejodase aktiviteit zijn waargenomen in tegenstelling tot het konstant
blijven van de b-dejodase aktiviteit. De konklusie is dan ook voorlopig dat,
wil men meer weten omtrent de regulering van de dejoderingsreakties in het
lichaam, het noodzakelijk is een dieper inzicht te krijgen in de werking van
de daarbij betrokken enzymen. Hiervoor is het nodig te beschikken cver zuivere
enzympreparaten.
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Conversion of Thyroxine into Tri-iodothyronine by Rat Liver Homogenate
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By using a highly specific radioimmunoassay the formation of tri-iodothyronine by the
deiodination of thyroxine was studied in rat liver homogenate. Several observations sug-
gest that the reaction observed is enzymicin nature. Pre-heating the homogenate for 30min
at 56°C completely abolished conversion of thyroxine into tri-iodothyronine; the compo-
nent of rat liver homogenate responsible could be saturated with subsirate; iodotyrosines
displayed competitive activity. Between 0° and 37°C, the tri-iodothyronine-production
rate was positively correlated with incubation temperature. The addition of NAD*
enhanced conversion into tri-iodothyronine, which suggests that an oxidative mechanisrm
is involved. 5-Propyl-2-thiouracil and 6-propyl-2-thiouracil, both known to prevent
deiodination in vive, greatly decreased the deiodination activity of rat liver homogenate.

Since the discovery of 3,3°.5-tri-iodothyronine in
human plasma (Gross & Pitt-Rivers, 1952} an abund-
ance of evidence has been presented which clearly
shows that in the circulation in humans (e.g. Pitt-
Rivers et al., 1955; Braverman er al., 1970; Pittman
et al, 1971; Sterling er g, 1970) and rats (c.g.
Schwartz er al., 1971) it is mainly derived by the peri-
pheral deiodination of thyroxine. These observations
have repeatedly been confirmed by studies in vitre on
perfused rat heart (Rabinowitz & Hercker, 1971),
cultured human liver and kidney cells (Sterling ef al.,
1973), cultured human fibroplasts (Refetoff er al.,
1972) and human leucocytes (Klebanoff & Green,
1973: Woeber & Ingbar, 1973). No clear evidence
that an enzymic reaction is involved in the mechanism
of this conversion is as yet at hand. In rats a role for
peroxidase in thyroxine deiodination has been
proposed (Galton & Ingbar, 1963; Dawber et al.,
1971), as well as the invelvement of reduced flavin
nucleotide as a cofactor in the deiodination of di-
1odotyrosine (Rosenberg & Ahn, 1969). These two
supposed enzymic processes, however, seem to be
functionally separated (Haibach, 1971). Thyroxine
deiodination, in the absence of any apparent tri-
1odothyronine generation, has been observed in rat
skeletal-muscle homogenate stimulated by flavins
(Tata, 1960), and in several other homogenized rat
tissues (Galton & Ingbar, 1963). In these and several
other studies only the formation of lodide and
chromatographically immobile *origin material® was
observed. For instance, this was the case when
deiodination was studied in chemically defined
milieus, ¢.g. in the presence of peroxidase and H.O»

Vot. 150

or H,0. alone (Galton & Ingbar, 1963; Dawber
et al., 1971), by the combination of H;O; and chelated
metal ions (Reinwein e al., 1968) or by illumination
of a solution containing FMN (Reinwein & Rall,
1966). Almost all studies referred to have been per-
formed with radioactive iodine-labelled thyroxine
and by chromatographic analysis of the reaction
products,

A different approach has been undertaken by
Hesch et ai. (1974), who applied 2 specific radio-
immunocassay to detect tri-iodothyronine generation,
when rat liver homogenate was incubated with
thyroxine. We have extended these studies and the
results are the subject of the present paper.

Experimental
Materials

L-Thyroxine (free acid), 3,3',5-tri-iodo-L-thyronine,
3,5-di-iodo-L-thyronine,  3,3",5-tri-iodothyroacetic
acid, 3.3, 5-tri-lodothyropropionic acid, 3,5-dinitro-
L-tyrosine, NAD*, NADH, NADP* and NADPH
were obtained from Sigma Chemical Co., St. Louis,
Mo., US.A., r-Fyrosine, 3-iodo-L-tyrosine zand
3,5-di-iodo-L-tyrosine were from Calbiochem A.G.,
Lucerne, Switzerland. Tri-['**Tliode-L-thyronine
(specific radioactivity approx. 500uCifug) was from
Abbott Laboratories, North Chicago, 11, U.S.A.;
goat anti-{rabbit y-globulln) antiserum was from
Antibodies Inc., Davis, Calif,, U.S.A. 5-Propyl-2-
thiouracil was synthesized by the method described by
Anderson ez al. (1945) by Dr, P, J. H. Eggels, Univer-
sity Hospital ‘Dijkzigt’, Rotterdam, The Netherlands.
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Preparation of rat liver homogenate

Male Wistar rats weighing approx. 200 g were used.
After perfusion in sire through the portal vein, rat
liver was minced, washed and subsequently homo-
genized in 3vol. of 0.25M-sucrose in 0.05M-Tris-HCl,
pH 7.4 (sucrose~Tris buffer) at 4°C. The homogenate
was centrifuged for Smin at 2000g at 2°C. The result-
ing pellet was discarded.

The protein content of the homogenate was deter-
mined after solubilization in 0.1M-NaOH by using
the biuret method.

Delodination studies

Thyroxine and other substances were dissolved
and diluted in sucrose-Tris buffer immediately before
use and added in 10zl quantities for incubation with
Iml samples of homogenate. Cantrol experiments
were conducted in which thyroxine was incubated
with sucrose-Tris buffer or with homogenate pre-
heated for 30min at 56°C. Since these controls yiclded
identical results, the former was subsequently omitted.
At increasing time-intervals 2004 portions of the
teaction mixtures were taken and added to 4001 of
ice~cold 95 % (v/v) ethanol. The precipitates werespun
down (1500g, 15min) and the tri-iedothyronine
concentrations were measured directly in 10044 por-
tions of the supernatants in duplicate. The recovery
of added tri-[\*TJiodothyronine amounted to 85.8
+4.5% (mean+s.p., # =22).

Radioimmunoassay for tri-iodothyronine

The radioimmunoassay utilizes rabbit antiserum
raised against a tri-lodothyronmine-bovine serum
albumin conjugate (Docter eraf., 1972). In Table 1 the

Table 1. Composition of radicinvnunoassay mixtures

All reagents were dissolved in 0.05M-potassium phosphate
huffer, pH7.4, containing 0.4%; bovine serum afbumin
(dilution buffer). Antiserum, final dilution 1:20000 was
dissolved in 2.5%4 normal rabbit serum in dilution buffer.
Extracts of reaction mixtures were made as described in
the Experimental section.

Volumefor  Volume for
standard curve  samples
(e} ()

Tri-[**IJiodothyronine, 100 100

20pg
Tri-lodothyronine 100

standard
64%; {v/v) Ethanol 100
Extract of reaction mixture 100
Antiserum 100 100
Dilution buffer 600 700

composition of the assay mixtures is shown. The
mixtures were incubated for 16h at 4°C. In the assay
1001 of previously titred goat anti-(rabbit y-globu-
Iin) antiserum was subscquently added to each tube
and the mixtures were kept for an additional 16h at
4°C. The tubes were centrifuged and the super-
natants were subsequently aspirated. The pellets
were counted for radicactivity in a Packard gamma
spectrometer. Non-specific  binding of  tri-[*25])-
iodotbyronine to the precipitate was evaluated by
preparing controls containing normal rabbit serum
without antiserum. The amount of ti-[***Tliodo-
thyronine specifically bound to the antibody was ex-
pressed as a percentage of the radicactivity precipi-
tated in the tubes without added unlabelled tri-
icdothyronine, which was usually approx. 45% of
the total amount of radioactivity. To calculate the
tri-iodothyronine content of unknowr: samples the
standard curve was transformed into a logit-log plot
(Feldman & Rodbard, 1972).

Regults and Discusston
Radioimmunoassay

Fig, 1 shows a typical radioimmunoassay standard
curve, The specificity of the antiserum used was
assessed by estimating the relative affinity of various
thyroid-hormone analogues for the antibody (Table
2). It is concluded that the antiserum is highly specific
for tri-icdothyroning, only 3.3",5-tri-iodothyroacetic
acid displaying a significant cross-reactivity. When
dilutions of ethanol extracts of the reaction mixtures
were assayed, the curve for antibody-bound tri-
[**IJicdothyronine versus log(ul of extract) (not
detailed here) paralleled the standard curve. These
tests establish the reliability of this assay for the

100

75 -

3

a 50 =

&

= st
0 L 1 1
10 160 1000 10000

Tri-iodothyronine (pg)

Fig. 1. Standard curve for the radioimmumosassay of tri-
lodothyronine

Conditions are detailed in the Experimental section and in
Table 1. Ordinate values show the amoumnt of tri-[***]]-
iodothyronine bound (B} as a percentage of radioactivity
precipitated without added unlabelled tri-iodothyronine
(Bo)-
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Table 2. Cross-reactivity of thyroid-hormone anclogues
with anti-tri-iodothyronine antiserum
Cross-reactivity is defined as the ratio of the concentration
of tri-iodothyronine to the concentration of amalogue
both resulting in a 509, decrease of antibody-bound

tri-[*25]Jiodothyronine.

Compound Cross-reactivity
3,3,5-Tri-iodo-r-thyronine 1.0
3,3%,5,5"-Tetraiodo-L-thyronine <0.001
3,5-Di-iodo-L-thyronine 0.003
3,3",5-Tri-iodothyreacetic acid 0.77
3,3’,5-Tri-iodothyropropionic acid <0.001
3-Todo-L-tyrosine <0.001
3,5-Di-iodo-L-tyrosine <0.001
3,5-Dinitro-L-tyrosine <0.001
1~Tyrosine <0001

w
=]
1

Tri-iodothyronine formed (ngfml)
2
T

60 120
Time of incubation (min)

£=1

Fig. 2. Dependence of wri-lodothyronine accumidation on
incubation time and temperature

Portions (1ml) of rat liver homogenate (43mg of protein/
ml) were made to react in duplicate with 1ug of thyroxine
at 0°C{a), 22°C (B) and 37°C (@). At the times indicated
2001 samples were added to ice-cold ethano! (400u1). The
resulting mixtures were processed as detailed in the Experi-
mental section.

measurement of the conversion of thyroxine into tri-
1odothyronine.

Deiodination studies

Fig. 2 shows the accurnulation of tri-iodothyrenine,
when rat liver homogenate is incubated with 1 g of
thyroxine/ml (1.3u4m) at different temperatures.
During the first 15mia of the reaction the rate of tri-
iodothyronine production was 2.5nM/min at 37°C,
0.47 nv/min at 22°C and only 0.16 nm/min at 0°C. No
tri-lodothyronine generation was observed when the
homogenate was pre-heated for 30min at 56°C, and
when no thyroxine was added to the homogenate the
amount of tri-iodothyronine formed was negligible.

Vol. 150
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Fig. 3. Dependence of tri-iodothyronine-production rate on
thyroxine concentration

Portions (Iml) of rat liver homogenate (51mg of protein/
ml) were made to react with amounts of thyroxine as indi-
cated in duplicate. After incubation for 15min at 37°C the
reaction was stopped and the tri-iodothyronine generated
was exiracted by addition of ethanol as described in the
Experimental scetion.

The relationship between the rate of tzi-lodothyro~
nin¢ formation and the thyroxine concentration is
shown in Fig. 3. Since an abundance of thyroxine-
and tri-iodothyronine-binding sites exists in rat liver
homogenate (e.g. Tata, 1962; Visser et al., 1975),
the free thyroxine concentration in the reaction sys-
tem is not known and the kinetics of the reaction
studied cannot be characterized simply by the stan-
dard procedure for the estimation of the Michaelis
constant. At concentrations of thyroxine above
5ug/ml (6.4 uM) no further increase in reaction rate is
observed, however, and this suggests that cither the
catalysing system is saturated in these circumstances
andjor the possible cofactors invelved are only pre-
sent In limited concentrations.

Experiments were conducted in which the effect of
the addition of millimolar concentrations of nicotin-
amide-adenine dinucleotides was studied (Table 3).
The presence of NAD* resulted in a significant en-~
hancement of the deiodination, whereas the addition
of NADP* was without effect. An insignificant de-
crease in tri-iodothyronine production was observed
when the incubations were performed in the presence
of 1mM-NADH or 1mm-NADPH. These results
could indicate that an oxidative reaction s involved.

Iz view of the role of flavins in deiodination reac-
tions (Rosenberg & Ahn, 1969; Tata, 1960; Reinwein
& Rall, 1966) 1mM-FAD was added to the reaction
mixtuares. This resulted in an approximately twofold
increase in tri-lodothyronine generation. However, a
considerable amount was also produced in the control
tubes with pre-heated homogenate in the presence of
FAD. When this experiment and the determination of
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Table 3. Effect of possible cofactors on the conwersion of thyroxine into tri-iodothyronine

Incubations were performed at 37°C as outlined in the Experimental section, by using 1 zg of thyroxine/ml. Mean values
+s.£.M. (number of experiments) are given for the amount of tri-iodothyronine formed in paired experiments conducted on
separate occasions. Statistical apalysis was with Studeot’s paired ¢ test. NS, Not significant (P>0.05).

Tri-iodothyronine production {ng)

Incubation conditions 15min 30min

Control 162423 (%) 26.5+5.0(4

+1 M-NAD™ 21.8+£22 (@) P<0.05 36762 (4 P<0.025
Control 18.740.9 (5) 29.3+1.9(5)
+1mM-NADH 16.5+2.4 (5} NS 26.5+3.6 (5) NS
Control 17.941.3(5) 29,2+0.9(5)

+1 mM-NADP* 18.7+£19 (5} NS 36205 NS
Control 147423 (4 22.0£4.0 (4)

+1 mM-NADFPH 9.2+2.3 (@) NS 12.3+3.0 (4 NS

Table 4. Effect of addition of thyroid-kormone analogues en
the conversion of thyroxine into tri-ledothyronine

For details sec legend of Table 3; incubation time 15min.

Tri-iodothyronine

Incubation conditions formed (ng)
Control 21.0+1.3(3)
+1ug of 3-iodotyrosine 189413 (3} NS
Control 2024 1.2{4)
+10ug of 3-iodotyrosine 9.4+2.6 (4) P<0.05
Control 18.3x1.5(5)
+1ug of 3,5-di-iodotyrosine 21.3+0.9{5) N§
Control 18.74+2.0(4)
+10ug of 3,5-di-iodotyrosine 10.24:2.8 (3) P<0.05
Control 18.941.3 (&

+1ug of 3.5-dinitrotyrosine
+10pg of 3,5-dinitrotyrosine

18.141.2 (4} NS
17.741.5 {4) NS

Control 19.2+1.6(5)
1 ug of tyrosine 19.34:0.9 (5) NS
+10ug of tyrosine 1934+£1.0(5) NS

tri-iodothyronine by radioimmunoassay were re-
peated inthedark, thisenhancement with FAD totally
disappeared. The results of experiments without
added FAD, performed in the dark, were as under
norma!l illumination, Thesefindings are in accordance
with the work of Relnwein & Rall (1966), who
detected thyroxine deiodination by illuminating a
solution containing thyroxine, FMN and tracer
amounts of certain cations,

The reaction was investigated in the presence of
different quantities of thyroid-hormone analogues
known to be unreactive in the radioimmunoassay
(Table 4). Of the compounds used ooly 3,5-di-
iodotyrosine and 3-lodotyrosine are potent inhibitors,
affecting the reaction to a comparable extent. 3,5-
Dinitrotyrosice was tested since it is reported to
be a specific di-iodotyrosine dehalogenase inhibitor
(Haibach, 1971), and this cnzyme is a constituent of
rat liver homogenate (Rosenberg & Ahn, 1969). The

Table 5. Effect of addition of propyithiouracil on the con-
version of thyroxine into tri<iodothyronine

For details see legend to Table 3; incubation time I5min.

. . Tri-iodothyronine
Incubation conditions formed (ng)
Control 16.6+2.1 (4)

+10m-5-Propyl-2-thiouracil 5.5+1.1 (4) P<0.005

- 10024-5-Propyl-2-thiouracil 43209 (4) P<0.005
Control 17.022.6 (4)
+10xM~6-Propyl-2-thiouracil 5.1+2.5@)P<0.005

+100uM-6-Propyl-2-thiouracil 3.2+1.2 (4) p <0.001

presence of this compound, however, did not affect
the reaction, from which it is concluded that the re-
action proceeds via a deiodinase different from di-
iodotyrosine dehalogenasc. Haibach (1971) also
reported on the functional separation between di-
todotyrosine deiodinase and thyroxine deiodipase in
rat thyroid tissue. The addition of tyrosine to the
incubation mixtures was without effect.
6-Propyl-2-thiouracil and 5-propyl-2-thiouracil,
whenr administered to rats (Oppenhelmer ¢ af.,
1972; Bernal & Escobar del Rey, 1974) or humans
(Hershman, 1964: Saberi ef al., 1975; Geffner ¢t al.,
1975), prevent peripheral deiodination of thyroxine
and tri-iodothyronine besides displaying goitrogenic
activity. Another goitrogen, methimazole, leaves the
conversion of thyroxine into tri-lodothyrenine un-
affected. These goitrogens exert their anti-thyroid
activity mainly by inhibiting oxidative iodination of
tyrosine by thyroidal peroxidase (Astwood, 1949).
5-Propyl-2-thiouracil and 6-propyl-2-thiouracil were
tested for their potential inhibitory effect on the de-
iodination. Table 5 shows that propyithicuracil
strongly impairs the conversion of thyroxine into tri-
iodothyronine. Addition of methimazole in equimolar
concentrations was without effect (T. J. Visser &
L. van der Does-Tobé, unpublished work). From the

1975
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experiments involving NAD*, 5-propyl-2-thiouracil
and é-propyl-2-thiouracil we suggest that thyroxine
is deiodinated by rat liver homogenate, resulting in a
production of tri-lodothyronine, by an oxidative
mechanism.

Preliminary experiments showed that the catalysing
activity is predominantly associated with the micro-
somal fraction {T. J. Visser & 1. van der Does-Tobé,
unpublished work). Whether the deiodination occurs
at random, resulting in a concomitant production
also of 3,3°,5-tri-iodothyronine, and whether 3,3°,5-
tri-iodothyronine itself is also deiodinated by the
same enzyme or exhibits some kind of product inhibi-
tion remains to be established.

We are grateful to Dr. P. J. H. Eggels for preparing
S-propyl-2-thiouracil and to Mrs. C. Boot for expert
secretarial assistance.
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Experiments with rat liver homogenates showed that on subccllular fractionation the
ability to catalyse the conversion of thyroxine into tri-iodothyronine was lost. The
activity could in part be restored by addition of the cytosol to the microsomal fraction.
Both components were found to be heat labile. The necessity of the presence of cytosol
could be circumvented by incorporation of thiol-group-~containing compounds in the
medium. Optimal enzymic activity was observed in the presence of dithiothreitol and
EDTA in medium of low osmolarity. By comparing the distribution of the converting
enzyme over the subcellular fractions with a microsomal marker cnzyme, glucosc 6-
phosphatase, it was demonstrated that the former is indeed of microsomal origin. Finally.
it was shown that thiol groups play an essential role in the conversion of thyroxine into

tri-iodothyromine.

Soon after the detection of 3,3",5-tri-iodothyronine
in human plasma in 1952 by Gross & Pitt-Rivers, it
was recognized that circulating tri-iodothyronine was
in part derived from peripheral deiodination of
thyroxine (Pitt-Rivers e al., 1955; Larson et al.,
1955). It was suggested that tri-iodothyronine is the
principal biologically active hormone, with thyroxine
as a large precursor pool enabling the body to main-
tain constant cffective thyroid hormone concentra-
tions (Gross & Pitt-Rivers, 1954; Schwartz er af.,
1971). This pro-hormone function of thyroxine has
been substantiated by the finding that its affinity for
the nuclear thyroid hormone receptor is small
relative to tridodothyronine (Oppenheimer ef of.,
1973; Samuels & Tsai, 1973; Docter ez al., 1976).

The study of the conversion of thyroxine into tri-
iodothyronine in virre has been hampered by the
occurrence of an apparently non-specific deiodination
viclding reaction products other than tri-iedothyron-
inc (Tata, 1960; Stanbury er &, 1960; Wynn of af.,
1962; Galton & Ingbar, 1963; Nakagawa & Rue-
gamer, 1967; Schwartz er al., 1969; Dawber ef al.,
1971}. Other investigations by Larson er al. (1955),
Rabinowitz & Hercker (1971), Sterling et al. (1973),
Klebanoff & Green (1973) and Woeber & Ingbar
(1973) using tissue slices or isolated cells have
unequivocally shown that production of tri-iodo-
thyronine as a result of mono-deiodination of
thyroxine ¢an be observed.

These observations were extended by the applica-
Lion of specific radioimmunoassays for the measure-
ment of tri-iodothyronine on incubation of tissue
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homogenates with thyroxine by Hesch er af, (1975),
Chiraseveenuprapund e af. (1975} and Visser et al.
(1973). The mechanism of the specific defodination,
kowever, remains unclear. We report in the present
paper results of investigations that demonstrate that
the conversion of thyroxine into tri-iodothyronine is
catalyscd by an enzyme of the endoplasmic reticulum
of rat liver tissue and that thiol groups are essential
for this enzymic activity.

Experimental

Materials

L~Thyroxine, p-chloromercuriphenylsulphonic acid
and dithiothreitol were from Sigma Chemical Co.,
St. Louis, MO, U.S.A.

FPreparation of rat liner homogenate and subcellular
Jfractionation

The post-nuclear supernatant of rat {Wistar) liver
homogenate was prepared in 25mm-Fris/HCL, pH 7.4,
containing 0.25m-sucrose as previously described
(Visser ef al., 1975). This preparation was fractionated
mto mitochondrial, Iysosomal, microsomal and cyto-
solic fractions by means of diffcrential centrifugation
cssentially by the method of de Duve e al. (1955).
The purity of the fractions thus obtained was evalu-
ated by analysis of several marker enzymes (de Duve
et al., 1955). As a microsomal marker glucose 6-phos-
phatase (EC 3.1.3.9) was measured (de Duve ef ai.,
1955). Protein was measured as described by Lowry
<t al, (1951) with bovine serume albumin as standard.



480 T. X. VISSER, I. VAN DER DOES-TOBE, R. DOCTER AND G. HENNEMANN

Table 1. Tri-iodothyronine production on incubation of thyroxine (1 M) with subcellular fractions in 0.25M-sucrose/25 mm-
Tris{HCI, pHTA4, at 37°C

The numbers in parentheses are the protein content (in mg/ml) of the various fractions.

Tri-iodothyronine

formed
Fraction (pmol/ml per 30min)
Homogenate(14.8) 14.9
Mitochondrial(1.45) 0.0
Lysosomal(1.25) 0.3
Microsomal(3.5) 0.3
Cytosolic(9.7) 0.3
Mitochondrial(l 45)+cytosolic(7.2) 1.2
Lysosomai(1.25)--cytosolic(7.2) 1.4
Microsomal(3.5)4-cytosolic(7.2) 6.0
Microsomal (after 30min at 56°C)(3.5)+cytoselic(7.2) 0.2
Mierosomal(3.5)+cytosolic (after 30min at 56°C)(7.2) 0.0

Table 2. Tri-iodothyronine production on incubation of
microsomal fraction (5.45mg of proteinfml) with thyroxine
(1 g} in 0.25M-~sucrose{25 mM-Tris{HCI, pHT.4, ar 31°C
after a preincubation for 30min at 0°C in the presence or
absence of thiol-group-containing compounds

Tri-todothyronine
formed (pmol/mi)

Addition
Incubation time (min)... 15 30
None 0.4 0.3
1 mev-Dithiothreitol 16.3 7.6
1 mv-2,3-Dimercaptopropancl 7.3 119
I mm-g-Mercaptocthanol 6.9 133

Table 3. Tri-lodothyronine production on incubation of

thyroxine (1) with microsomel preparations (3.8mg of

proteiniml) in Tris buffered media (pH7T.4) of different
compasitions at 37°C

Tri-
iodothyronine
Dithio- formed
threitol EDTA  Sucrose KCl  {pmoi/ml per
{mm) (M) () (M) 30min)
0 1] 0.25 0 0.5
0 5 0.25 0 5.1
1 o] 0.25 0 30.8
1 5 0.25 0 49.2
5 0 0.25 0 33.9
5 0 0.25 0.4 263
5 0 0 0 30.2
5 5 0 0 61.3
5 5 1] 0.4 19.9

Conversion studics

Thyroxine (1.0nmol in a final volume of 1 ml), was
incubated with various subcellular fractions sus-
pended in buffers of different composition as indi-
cated. The reaction was stopped by the addition of

2vol. of 95%, (v/v) ethano! and the tri-iodothyronine
produced was measured by radicimmunoassay
(Visser er @l., 1975). The thyroxine preparation used
showed a relative displacement potency in this radio-
immunoassay of less than 0.1%, which represents
maximal values for contamination with tri-todo-
thyronine as well as for actual cross-reaction of
thyroxine.

Results

Although converston of thyroxine into tti-lodo-
thyronine by rat liver homogenate could readily be
demonstrated (Visser er al, 1975) this catalytic
activity was apparently lost on subsequent fractiona-
tion (Table 1). Activity could, however, in part be
restored by combining the cytosol with the micro-
somal fraction and to a lesser degree with the other
particulate preparations. The active factor present in
the soluble fraction as well as that in the particles was
found to be heat labile. Heating either cytosol or the
particulate components for 30min at 56°C strongly
decreased the converting activity displayed by the
combination of the fractions concerned.

In the course of these experiments we noticed that
on standing at 0°C for approx, 4h the homogenate
lost over 50%; of its converting activity, In addition a
decrease in activity occurred when the homogenate
was dialysed for a short time; 5ml of homogenate,
dialysed against 2 litre of 0.25M-sucrose/25 mm-
Tris/HCL, pH7.4, for 30min at 0°C, possessed only
45 %, activity compared with non~dialysed material.

It was observed that the requirement for cytosol
could be circumvented by including a thiol-group-
containing compound in the reaction mixture,
narnely f-mercaptoethanol, 2,3~dimercaptopropanol
or dithiothreitol, with the latter being far the most
effective (Table 2).

Table 3 demonstrates to what extent tri-iodo-
thyronine accumulated, when thyroxine was incu-
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bated with microsomal preparations suspended in
media varying in sucrose, EDTA, KCI and dithio~
threitol concentrations. Obvicusly conditions are
optimal if both EDTA and dithiothreitol are present.
KCI (0.4M) inhibited the reaction.

In the presence of 1 mm-dithiothreito] and 5mm-
EDTA, treatment at 56°C for 30min still abolished
the catalytic activity of the microsomal fraction with
respect to thyroxine conversion. This was not caused
by accelerated oxidation of added dithiothreitol or
cysteine residues in the microsomal proteins; it was
rather a matter of denaturation, since subsequent
addition of dithiothreitol failed to induce activity.

To investigate the possible involvement of thiol
groups, tri-lodothyronine-directed deiodination of

Table 4. Tri-iodothyronine production on incubation of

thyroxine (1 um) with microsomal Jraction in 25 noaTrisf

HCH mv-dithiothreitol{ SmM-EDTA, pH 7.4, at 37°Cinthe
presence of thiolgroup-blocking reagents or CN™

Tri-iodothyronine

Addition formed (34}
None 100
3 mm-p-Chloromercuriphenyl- 0.6
sulphonic acid
Imv-Agt 2.0
3mm-Hg* 2.7
ITmM-KCN 97

Table 5, Tri-iodothyronine production en incubation of

thyroxine (1) with microsomal fraction in 25mu-Tris|

HCI1 ma-dithiothreitol5 mM-EDTA, pHT.A, at 37°C in
the presence of possible cofactors

Addition Tri-todothyronine
{1 mm) formed (%4)
None 100
NAD™ 115
NADHE 94
NADP* 105
NADPH 78

thyroxine was studied by incubating it with a micro-
somal preparation preincubated with agents known to
become covalently linked to cysteine residues (Table
4).In the presenceof p-chloromercuriphenylsulphonic
acid, Hg* or Ag*, tri-lodothyronine generation was
almost completely suppressed. This decrease in
activity was not due to reactions with dithiothreitol
and the consequent decrease in its effective concentra-
tion, but rather to substitutions at the thiol groups of
the enzyme. Experiments were performed in which
the preincubation with the cysteine-directed inhibi-
tors was followed by a second preincubation in the
presence of excess of dithiothreitol and in no case was
any restoration of activity observed. Table 4 also
shows that addition of KXCN to the reaction mixture
did not affect the amount of tri-iodothyronine
generated from thyroxine, rendering the involvement
of a prosthetic haem: group unlikely.

The monodeiodination of thyroxine by the
microsomal fraction was investigated in the presence
of millimolar concentrations of nicotinamide-adenine
dinucleotides (Table 5). In no single instance was any
enhancement of the reaction rate observed.

In Table 6 the subcellular distributions of the con-
verting enzyme {assayed under optimal conditions
with respect to EDTA and dithiothreito! concentra-
tions) and glucose 6-phosphatase are compared. The
highest tri<iodothyronine production rate is observed
with the microsomal fraction.

Discussion

Our observations suggest that rat liver homogenate
contains a diffusible factor, the presence of which is a
prerequisite for the conversion of thyroxine into tri-
iodothyronine. The loss of activity on keeping the
homogenate at low ternperatures could indicate that
the factor(s) involved are inactivated either by
proteolytic breakdown or, more likely, by oxidation
due to exposure to air. The latter possibility was
supported by the finding that inclusion of 1 caM-dithio~
threitol in the incubation mixture enhanced the
production of tri-iodothyronine from thyroxine as

Table 6, Specific activities of gliucose 6-phosphatase and of the ensyme converting thyroxine into tri-iodothyronine in subcellular
Jractions

Tri-iodothyronine production was studied with thyroxine (1M} in 0.25m-sucrose/25 mm-Tris/HCl/3 mm-dithiothreitol/

3m-EDTA, pH74, at 37°C.

Glucose G-phosphatase Thytoxine-5'-dejiodinase
) (smol of phosphate/min per {pmol of tri-icdothyronine/min
Fraction rog of protein) per mg of protein)
Homogenate 0.102 2.90
Mitochondrial 0.036 1.73
Lysosomal 0,181 4.34
Microsomal 0.200 6.46
Supernatant 0.002 011

Vol. 157



482 T. J. VISSER, L. VAN DER DOES-TOBE, R. DOCTER AND G. BENNEMANN

catalysed by the homogenate. In addition, the
decrease in activity on aging of the homogenate was
less rapid in the presence of dithiothreitol than in its
absence. Further, it induced converting activity by the
microsomal fraction. The resulis of experiments
described in the present paper are in favour of the
assumption that the enzyme is highly sensitive to
oxidation. Apparently 2 condition for the enzyme to
display converting activity is that cysteine residues
are present in the reduced state. The stimulation by
cytosol in the experiments described in Table 1 may
have been affected by endogencus glutathione
although we cannot firmly exclude additional actions
of the supernatant fraction.

The only comparable study on the occurrence of
the conversion in the presence of rat liver microsomat
fraction is that by Hesch er al. (1975). Since these
investigators did not incorporate reductants such as
thiols in their media, the conversion rate they
reported is very low. Under comparable circum-
stances they observed that Iess than 0.1% of the
thyroxine added was deiodinated to tri-siedo-
thyronine, whereas we found approx. 6%, (Table 3).

The results described here may also be compared
with observations in other laboratories (e.g. Stanbury
ef al., 1960; Wyan er al., 1962; Nakagawa & Rue-
gamer, 1967) on the deiodination of thyroxine by rat
liver microsomal fraction, apparently without con-
comitant tri-iodothyronine production. Although
these studies are conflicting on several points,
especially with regard to the properties of the cata-
Iysing factor involved in this reaction, they all have
in commeon that CIN— brings about a diminution of
the degradation of thyroxine, We, however, found that
CN- did not decrease the conversion (Table 4). The
explanation for this phenomenon could be that rat
fiver microsomal fraction catalyses the deiodination
of thyroxine in two different ways: one, a non-specific
CN--sensitive delodination leading to products other
than tri-iodothyronine and a second, CN—-insensitive
deiodination specifically producing tri-iodothyron-
ine. Green (1975) reached the same conclusion.
Neither of these two activities is, however, identical
with iodotyrosine deiodinase (Schwartz er al., 1969;
Rosenberg & Ahn, 1969; Haibach, 1971; Visser er al.,
1975).

Several coenzymes separately tested with the
microsomal fraction did not result in an enhancement
of tri-iodothyronine production {Table 5), although
we observed a small, but significant, increase in con-
verting activity by the addition of NAD* to the
homogenate (Visser ¢f al., 1975). The reason for this
remains unclear. Assuming that, besides tri-iodo-
thyronine, 1~ is the only product, the reaction under
investigation is clearly a reduction: thyroxine+2H —-
tri-iodothyronine+HI. In our particular situation
dithiothreitol might supply the reducing equivalents.

We are grateful to Dr, H, R. Scholte of the Department
of Biochemistry I of our Faculty for invaluable advice,
especially concerning the subcellular fractionation, and
to Mrs. C. Boot for skillful secretarial assistance.
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Kinetics of Enzymic Reductive Delodination of Iodothyronines

EFFECT OF pH

By THEO I. VISSER, DURK FEKKES, ROEL DOCTER and GEORG HENNEMANN
Department of Internal Medicine 1if and Clinical Endocrinclogy, Medical Faculty, Erasmus
University, Rotterdam, The Netheriands

(Received 14 November 1978)

5’-Deiodination of thyroxine (yielding 3.3",5-tri-iodothyronine; reaction Iy and of 3,3°.5'-
tri-iodothyronine (yielding 3.3'-di-iodothyronine; reaction I} and 3-deiedination of
thyroxine (yielding 3.3".5"-tri-lodothyroning; reaction I111) and of 3,3".5-tri-iodothyronine
(vielding 3.3'-di~iodothyronine; reaction 1V) as catalysed by rat liver microsomal fraction
were studied at pH 6.5, 7.2 and 8.0, kv was found that: (1) the £, of reaction | was relatively
independent of pH (approx. 3 uM}, whereas Jwas highest at pH 6.5 (63 pmol of 3.3°.5-tri-
iodothyroning/min per mg of protein); (2) the K, of reaction Il was lowest at pH 6.5 (0.035
M), but ¥ was highest at pH 8.0 (829 pmol of 3.3'-di-iodothyronine/muin per mg of pro-
tein); (3) thyroxine inhibited reaction 11 competitively; X, values were identical at pH6.5
and 8.0 (1 um); (4) for both reactions I1I and 1V K, was lowest and ¥ was highest at pHS8.0.
The results are compatible with the view that reactions I and 11 are mediated by 2 single
enzyme (iodothyronine 5'-deiodinase) and that reactions I1I and 1V are catalysed by a

second enzyme (iodothyronine 5-defodinase).

Deiodination is the main pathway by which
thyroxine is metabolized i» vive (Cavalieri & Rapo-
port, 1977; Burman, 1978). Studies in citro have
demonstrated that reductive deiodination of iodo-
thyronines is enzymic in nature and involves thiol
compounds. Reduced glutathione is probably the
endogenous cofactor (Visser, 1978). The primary
products in this cascade of reactions are the metaboli-
cally active form of the hormone 33" 5-tri-iodothyro-
nine {tri-lodothyronine) and the inactive isomer
3,3", 5 -wri-iodothyronine (reverse tri-iodothyronine).

Both have been observed fn eitre to be further de-
graded to 3.3"-di-iodothyronine {di-iodothyronine;
se¢ Scheme 1), Evidence has been presented which
suggests that all possible intermediates in the sequen-
tial deoidination of thyroxine are indeed generated
(Rudolph ¢r al., 1978 Sakurada er af., 1978).

We suggested that two enzymes. i.e. iodothyronine
5(3)- and 5'(3)-deiodinase, are responsible for the
entire deiodination of thyroxine (Visser, 1978). This
was mainly based on the pH-dependence of the
several reactions and on clinicai findings. The concept

3,3%,5-tri-iodothyronine
(tri<iodothyronine}

3,3",5,5-Tetraiodothyronine
(thyroxine)

3,3"-di-iodothyronine
(di-iodothyronine)

3,3 ,5’-tri-iodothyronine
(reverse tri-iodothyronine)

Scheme 1, Two pathways for the seguential deiodination of rhyroxine to diviodothyronine

Vol. 179



490 T. I. VISSER, D. FEKKES, R. DOCTER AND G. HENNEMANN

is supported by the observations of competitive
inhibition of reaction I by reverse tri-iodothyronine
(Chopra, 1977; Hufner er af, 1977; Kaplan &
Utiger, 1978) and of reaction I by thyroxine (Kaplan
& Utiger, 1978). As both k..., and K, may vary with
pH, one cannot adequately characterize the pH-
dependence of an enzyme-catalysed reaction with
measurements at a single substrate concentration.
Inthe present study, therefore, we measured the effect
of pH on Vand K, for each of the four deiodination
reactions. Rat liver microsomal fraction was used as
the source of the enzymes (Visser er af., 1976).
Evidence was obtained suggesting that reactions I
and ITare mediated by asingle enzyme (iodothyronine
5'-deiodinase), although the interaction of reverse
tri-iodothyronine with the enzyme is quite different
from the reaction with thyroxine.

Experimentzl

Preparation of rat liver microsomal fraction
in 25mm-Tris/HCl/3mM-EDTA/3 mn-dithiothreitol,
pH7.4 (Visser ef al., 1976), and analysis of deicdin-
ation (Visser er al., 1973} were done essentially
as described before. Reaction mixtures consisted
of 0.066M-sodium phosphate, 3mmM-EDTA. 3mMm-
dithiothreitol, pH 6.5, 7.2 or 8.0, and substrate and
microsomal fraction in the concentrations indicated.
The final volume was 0.25ml. Reaction was initiated
by addition of microsomal fraction and incubation
was carried out at 37°C. Reaction was stopped by
addition of Iml of 1.25% of the detergent Brij 35
(Sigma Chemical Co., St. Louis, MO, U.S. A)in0.06 M~
barbitone/0.15M-NaCl/0.1 % bovine serum albu-
min, pH8.6, kept at 0°C. This concentration of Brij
has been shown to destroy enzymic activity com-
pletely and afforded a 1009 recovery of iodothyro-
nines. The method circumvents the use of volatile
ethanol (e.g. Visser ez al., 1978) for the preparation of
the extracts. In control experiments microsomal
fraction was added after the Brij solution.

The amounts of product generated and of sub-
strate remaining were measured in 50 1 of the extracts
by means of specific radioimmunoassays (Visser
et al., 1978). Standards were prepared in 1% Brij in
0.06 M-barbitone/0.15m-NaCl/0.1%, bovine serum
albumin, pHS.6.

The amount of jodothyronine measured in the
control experiment was subtracted from that pro-
duced in the complete reaction mixture, Both
incubations and radicimmuncassays were performed
in duplicate.

The protein content of the microsomal fraction
was measured after solubilization of 0.1m-NaOH,
by using the method of Lowry er al. {1951) with
bovine serum albumin as a standard. The sources of
the various materials used are given in a previous
paper {Visser er al., 1978). For the determination of

K. and Vvalues the straight lines of double-reciprocal
plots were drawn by the least-squares method
applied to unweighted means.

Results

Dependence of reaction rates on concentration of
microsomal protein

Fig. ! demonstrated that at pH7.2 the production
of tri-iodothyrenine and di-iodothyronine from
thyroxine and of di-iodothyrenine from tri-iodo-
thyronine was linear with the concentration of the
microsomal fraction in the reaction mixture up
to approx. O.lmg of prowin/ml. Conversion
of reverse tri-iodothyronine into di-iedothyronine
reached a maximum at approx. 0.02myg of protein/ml,
owing to exhaustion of substrate under these con-
ditions, The amount of reverse tri-lodothyronine
degraded was equal to the amount of di-iodothyro-
nine produced. Less than 10% of added thyroxine,
tri-iodothyronine and di-ipdothyrenine (0.01um)
was degraded by up to 0.7 mg of microsomal protein/
ml, Similar findings were obtained at pEH 6.5 and 8.0,
In further experiments 70 ug of protein/ml was used
in the study of reactions I, ITI and IV and 3.54g of
protein/mi for reaction 11

Reaction I: 5'~delodination of thyroxine

Double-reciprocal plots of tri-iodothyronine pro-
duction rate as a function of thyroxine concentration

10.0
[ - —_——r
2
14 20
’_—; 7Er |
£ 4 -
£ ! 15 2
k= i £
£ sofl ! 2
el =
= ! 3
_§ | /,_-o 10 :::_‘
= t - A g
o 25t AL k=t
i e 5z
J )I/ =
L 0
0 Q.08 0.10 015

Protein (mg/ml)

Fig. i. Aecumulation of tri-iodothyronine (®) and of di-
iodothyronine () from 1 um-thyroxine and of di-iodothy-
ronine front 0.5 um-tri-iodothyronine (&} and from 0.01 um-
reverse tri-iodothyronine (L) as a function of microsomal
protein concentration at pH7T.2
For experimental details see the 1ext. Incubation time
was 6 min.
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atthree pH valuesareshownin Fig, 2. Apparently, the
reaction obeys ordinary Michaelis-Menten kinetics
with A, values of approx. 3 i, being somewhat lower
at pH7.2thanat pH6.5and 8.0 (Table 1). The &, of
the reaction is strongly influenced by pH. as illus-
trated by a 5-fold decrease in V7 if pH is increased
from 6.5 to 8.0.

Reaction 1 5'~deiodination of revcrse tri-iodathyro-
nine

Fig. 3 shows the dependence of di-iodothyrenine
production on the concentration of reverse tri-
iodothyronine at various pH values. Apparently,
this reaction also follows Michaclis—-Menten kinetics,
Increasing the pH from 6.5 1¢ 8.0 effected a 7-fold
increase in K, and a 2.5-fold increase in ¥ (Table 1).

Reaction I{1: S-deiodinarion of thyroxine

To obtain an accurate estimate of the rate of 5-
deiodination of thyroxine the ameount of reverse tri-

5
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Q
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~
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-
j/
-

[/ Tri-iodothyronine formation
- | (nmol/min per mg of protein}-1|

200 - {
£I
L ! e —

g 05 10 15 20 25
1/IThyroxine| {unm-1)

Fig. 2. Lineweaver-Burk plot of the conpersion of thyroxine
into tri-iodothyronine at pHG6.5 (@), 7.2 (C) and 8.0 (a)
For experimental details see the text. Microsomal
protein concentration was 0.07 mg/ml, and incubation
time 12min. Results are means +s.D. of five experi-

ments,

i
=l
w

iedothyronine converted into di-todothyronine has
1o be taken into account (see also Visser er af., 1978).
The implications of this procedure are illustrated in
Figs. 4 and 5. At pH6.5 no significant accumulation
of reverse tri-iodothyronine was observed, whereas
at pH$.0 approximately equal amounts of reverse
tri-iodothyronine and di-iodothyronine were found
{Fig. 4). Production of di-iodothyronine by the
pathway via tri-ipdothyrenine is negligible (sce
below and Visser er of., 1978). If the sum of the
concentrations of reverse tri-iodothyronine and di-
iodothyronine was taken as a measure of 3-deiodin-
ation of thyroxine, this reaction was found to follow
Michaelis-Menten kinetics (Fig. 5). Values for Kn
were calculated to be approx. 2-3 um, being highest
at pH 6.5 {Table 13, The ¥ of this reaction is highest
at pH8.0, being about twice the value at pH6.5
{Tabie 1),

1/Di-iodothyronine formation
{{reol/min per mg of protein)~'|

. L —

-40 -30 -20 10 0 10 20 30 40 B0
1/IReverse tri-iodothyronine] (am—1)

Fig. 3. Linewegver—Burk plot af the conversion of reverse
rri-fodothiyronine intg di-iodothyronine ar pHG.35 (@), 7.2
(C) and 8.0 (A) measured with a specific radicimmunoassay
Jor the fatrer
For experimental details see the text. Microsomal
protein congentration was 3.5 ug/ml, and incubation
time L2 min. Results are means +8.8.M. of four experi-
ments.

Table 1. Parameters of iodothyronine 5- and 5'-deiodinase-catalysed reactions in rat liver microsomal fraction
Mean values +5.0. are given with the numbers of experiments in parentheses.

Ko () ¥ (pmel/min per mg of protein)

Reaction pH .. 65 8.0 65 12 8.0
5«Detodination of

thyroxine (5) 2.9+0.6 23405 3.0+0.6 63425 30+17 13+7

reverse (ri-iodothyronine (4) 0.035+£0.010 00640008 0.23+0.06 3424169 5594230 8294425
5-Dejodination of

thyroxine (3) 33413 1.9+04 L8403 13+6 18+5 24+2

tri-iedothyronine (5) 7.8+09 6.2+0.2 4.7x1.1 2149 3647 42419
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Reacrion IV: S-deiodination of tri-fodothyronine

Conversion of tri-icdothyronine into di-fodothy-
ronine was also found to be a saturable process (Fig.
6). The K, for this reaction was Jarger than for the
other reactions, and was highest at pH6.5. V' was

!
|
I
!

protein)

wn

Di-iodothyroniane formation
{pmeol/min per mg of

o fed

mg of protein)
[+
I:—:-D\——(

Reverse tri-iodothyronine
formation (pmol/min per

0 25 B0 75 100
[ Thyroxine) (um)

Fig. 4. Di-iodothyronine (a) and reverse tri-iodothyronine
(b) production rates as g function of thyroxine concentration
at pi6.5{e), 7.2{0) and 8.0 (a)

For experimental details see the text. Microsomal
protein concentration was 0.07mg/ml, and incubation
time 12min. Results are means +8.0. of three experi-

ments.
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similar to that of reaction I, In both magnitude
and dependence on pH.

Inhibition of 5 -deiodination aof reverse tri-iodothyro-
nine by thyroxing

The effect of thyroxine on the conversion of
reverse tri-iodothyronine into di-iodothyronine was
studied at pH6.5 and 8.0. The results demonstrate
that at both pH values thyroxine inhibits this reaction.
competitively (Fig. 7). From the change in apparent
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Fig. 6, Lineweaver-Burk plor of rthe conversion of iri-
fodothyronine inte di-fodoihyronine af pH6.5 (@), 7.2 (0)
and 8,0 (&)

For experimental derails see the text, Microsomal
protein concentration was 0.07 mg/ml, and incubation
time 12min. Results are means +35.0. of five experi-

ments.
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Reverse tri-iodothyroaine +
di-iodothyronine formation
(pmel/min per mg of protein)

L L
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1/{Reverse tri-iodothyronine +
di-iedothyronine formation)
| (nmo)/min per mg of protein} ']
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Fig. 5. Direcr (a) and double-reciprocal (b) plot of the sum of di-iodothyronine and reverse tri-iodothyronine production rates asa
Juncrion of thyroxine concentration ar pH 6,5 (@), 7.2 (C) and 8.0 (&)
For experimental details see the text and the legend to Fig. 4. Results are means 5.0, of three experiments.
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K. for reverse tri-iodothyronine the X, value for
thyroxine was calculated to be approx. 1M at both
pH6.5 and 8.0 (Table 2). :

Discussion

Studies in vitro of the enzymic reductive deiodin-
ation of iodothyronines have yielded apparently

50 .
£ = (ah
w - 7
s E I
==T
§2% .
= E 5
= o ’E
2w 25| -
I 1 - N
=5 :Eln R
BEE FER. .
—_— e S
£ = P
\ . . )
-50 25 Q 25 50

1/| Reverse wri-iodothyronine] (gm~")

t#] I

15

1/Di-iodothyronine farmation
[ (nenol/min per mg of protein)~!]
5
N—
So—

:

1
n
<

-2.5

<

25 5.0
1/|Reverse tri-iodothyronine] (gM™")

Fig. 7. Lineweaver-Burk plot of the conversion of reverse
tri-iodothyronine inte di-lodothyronine ar (4) pH6.5 and
(5) ar pH 8.0 in the absence (®) and presence of {0) 2.5 um-
or (@) 5 um-thyroxine
For experimental details see the text. Microsomal
protein ¢oncentration was 3.5 ug/ml, and incubation
time 15min. Results are means £5.D. of three experi-
ments.

conflicting results for the optimum pH of these
reactions. Several possibilities may explain these
discrepancies. In rat liver homogenate or microsomal
fraction, pH may affect the rate of deiodination
indirectly by changing the availability of substrate,
owing to alterations in binding to non-enzyme con-
stituents of these preparations (HoTken er af., 1977).
To obtain a true evaluation of the effect of pH on
reaction rates, all added substrate must be free to
interact with the enzyme concerned. It is conceivable
that the dependence of deiodinase activitics on pH
may also be influenced by the nature of the cofactor
used, e.g. the pK of its thiol group. Enzymic deiodin.
ation of iodothyronines as a function of pH may
further depend on the concentration of substrate
tested, since X, and k... may be affected indepen-
dently. We therefore decided to study the variation in
these parameters in a narrow pHe-range comprising
most reported optimum values, Under the conditions
used in the present study, reaction rates were propor-
tional to the microsomal protein concentration in the
presence of dithiothreitol. Gross non-specific binding
of substrate to the membranes is therefore excluded.
If such binding did occur, then an increase in micro-
somal protein concentration would resuit not only in
increased enzyme concentration but also in de-
creased substrate availability (Visset et afl, 1978).
However, deviation from linearity was observed
only above 0.1mg of protein/ml.

Reaction I (5’-delodination of thyroxine) is re-
ported to be optimal at pH6.0 (HofTken er af., 1977)
or pH7.0 (Chopra, 1977). The K, for this reaction
is variously reported as 1.6uM (Hiifner et af., 1977),
2.5um (Chopra, 1977) and 7.7 uM (Kaplan & Utiger,
1978). It is demonstrated (Table 1) that reaction
velocity as a function of pH at sub-saturating con-
centrations of substrate is determined by k.-

For reaction II (conversion of reverse tri-igdothy-
ronine into di-iodothyronine), reported values of
K., and optimum pH vary considerably. The data
presented in Table I may at least in part explain these
apparent discrepancies. It was found that both K,
and V¥ were highly dependent on pH; K., was lowest
at pHE.5 and V¥ was highest at pHS8.0. Since the
effect of pH on K, is predominant, the rate of di-
iodothyronine formation at low substrate concen-

Table 2. Estimation of the K. af the inhibition by thyroxine of the conversion of reverse tri-iodothyronine into di-iodothyronine
XK, values were estimated by using the equation: apparent K, = K, (1+[1)/K)), where the apparent K, is—1 fintercept on
the abscissa in the Lineweaver-Burk plot (see Fig. 6) and [I] the concentration of the inhibitor.

Apparent K, of reverse
tri-iodothyronine (um) K, of thyroxine (um)
Concen, of thyroxine (M)  pH ... 6.3 8.0 Y 8.0
— 0.025 0.23 — —
2.5 0.080 Q.77 1.1 1.1
5.0 0.13 1.4 1.1 1.0
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trations as used previously (Visser er al., 1978)
should be highest in a slightly acidic medium, as
indeed we have found. At relatively high concen-
trations of reverse tri-lodothyronine as used by
Hiifoer & Grussendorf (1978) and Chopra ¢t al.
(1978), reaction velocities would be expected to
follow k... Both groups of investigators reported,
in accordance with this conclusion, that conditions
were optimal at approx. pH 8.0. The magnitude of the
K, at pH7.2, 0.064uM (Table 1), is in excellent
agreement with the value published by Chopra er al.
(1978), i.e. 0.065 M. The value of this parameter at
pH7.5 as reported by Kaplan & Utiger (1978) is
substantially lower (7.5nm). This may be due to the
differences in techniques, as these authors studied
the disappearance of substrate on reaction of reverse
tri-iodothyronine with whole rat liver homogenate.
1t should be emphasized, since the reaction follows
a Ping Pong mechanism, that not only V but also K,
is a function of cofactor concentration (see below).
This may also apply to the cther reactions,

Little s known about the conversion of thyroxine
into reverse tri-iodothyronine (reaction IIT). Hifner
et al. (1977) and Héffken er al. {1977) showed that
accumulation of reverse tri-iodothyronine on incu-
bation of thyroxine with rat liver homogenate or
microsomal fraction was highest at pH9-9.5. It has
been demonstrated that this is mainly due to the fact
that the high rate of reverse tri-iodothyronine re-
moval (reaction II) occurs at a lower pH (Hifner
et al., 1977; Visser er al., 1978). I this reaction was
taken into account, S-deiodination of thyroxine was
found to be optimal at pHB8.0 (Visser et af., 1973),
which has also been observed by Cavalieri er al.
(1977). The latter investigators studied reaction III
in rat liver cytosolic fraction. This preparation con-
tains little enzyme activity, but studies involving its
use are appareatly not hampered by reverse tri-
iodothyronine-degrading activity (Cavalieri er al.,
1977). The results in Table I are in agreement with
the data of Cavalierl er af. (1977) and Visser et af.
(1978), since K, is lowest and V¥ is highest at pHS8.0.

Formation of di-iodothyronine from tri-iodothy-
ronine (reaction IV) has been shown to proceed
maximally at pHS8.0 (Chopra er al., 1978; Visser
et al., 1978). This appears t0 be due to the low K,
and high ¥ at this pH (Table 1). The magnitude of the
K at pH7.2 as found in the present study, 6.2uM, is
equal to the value published by Chopra er al. (1978),
Le. 64,

It has been suggested that the sequential deiodin-
ation of thyroxine is mediated by two enzymes, i.e.
iodothyronine 5- and 5'-deiodinase (Visser, 1978).
This hypothesis was based mainly on the finding that
the reactions involving 5-deiodination of thyroxine
or reverse tri-lodothyronine showed a similar pH-
dependence (Visser et al., 1978) and on the com-
petitive inhibition by reverse tri-iodothyronine of

reaction I (Chopra, 1977; Hiifner ez af., 1977 ; see also
Kaplan & Utiger, 1978). More recent observations
support this concept in that it has been shown that
reaction 1l is inhibited competitively by thyroxine
(Kaplan & Utiger, 1978). Clinical observations are
in line with this hypothesis, since in several situations
production of tri-iodothyronine and degradation of
reverse tri-iodothyroninge in peripheral tissues are
simultancously diminished (Schimmel & Utiger,
1977). We also showed that reactions involving 5-
deiodination of thyroxine or tri-iodothyronine
exhibit similar pH profiles {Visser er al., 1978). This
is confirmed in the present paper by the demonstra-
tion of a similar dependence on pH of both K, and
¥ of these reactions (Table 1),

The present study, however, reveals that the
influence of pH on the kinetic parameters of the 5'-
deiodination reaction is dependent on the substrate
used. We therefore thought it of importance to study
the mutual inhibition by the substrates of reactions
I and II at pH6.5 and at pH8.0. Since reverse tri-
iodothyronine is rapidly degraded under conditions
where the deiodination of thyroxine is investigated,
these studies were limited to the effect of thyroxine on
the 5-deiodination of reverse tri-iodothyronine.
Despite the large variation in K, for the latter, the
K; for thyroxine was identical at pHé.5 and 8.0
{Table 2). In concordance with Kaplan & Utiger
(1978), the value of the K| for thyroxine was close to
the K, for this compound in reaction 1. It is con-
cluded, therefore, that 5'-deiodination of thyroxine
as well as of reverse tri-iodothyronine is mediated by
a single enzyme.

These results strongly suggest that the presence of
an iodine substituent at C-5 interferes with the inter-
action of the substrate with the 3-deiodinase. Not
only is the magnitude of K, greatly increased and
that of ¥ diminished, but the dependence on pH of
these parameters is changed considerably,

Recent investigations point to a Ping Pong mech-
anism (Laidler & Bunting, 1974} for reaction IX and
possibly for the deiodination of iodothyronines in
general. Such a mechanism is supported by the
following observations. (1) A decrease in the con-
centration of cofactor results in a proportional
decrease in K, and V of reaction 11 (T, J. Visser,
unpublished work}. (2) Inhibition by thiouracil is
uncompetitive with respect to substrate (Chopra
et al., 1978). (3) Inhibition by thiouracil is competi-
tive with respect to cofactor (T. J, Visser, unpublished
work). Thicuracil has been shown to react specifically
with sulphenyl iodides, yielding mixed disulphides
{Cunningham, 1964). and iodothyronine deiodinases
contain essential thiol groups (Visser, 1978), Thus
the reaction pathway may be regarded as a trans-
iodination and the subsequent reduction of an icdo-
enzyme complex (sulphenyl iodide) by cofactor. The
magnitude of both ¥ and K, would be dependent on

1979
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which step in this pathway is rate-limiting (Laidler &
Bunting, 1974}, Tt is conceivable that in reaction I the
rate-limiting step is different from that in reaction I1.
This may explain the difference in behaviour of both
V and K, of these reactions with respect to variations
in pH.

The present investigations have been carsied out with
financial aid from the Netherlands Organisation for the
Advancement of Pure Rescarch (ZWO). The technical aid
of Marleen Krieger and Ellen van Overmeeren is appreci-
ated. Thanks are alse due to Corry Boot for expert
secretarial assistance.
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Summary

Production of 3,3'-di-iodothyronine (3,3'-T;) from 3,3',5'-tri-ilodothyronine
(reverse T,, rT;) as catalysed by rat liver microsomal fraction was measured
with a specific radioimmunoassay. The effect of the addition of 2-thiouracil
and of varying concentrations of cofactor (dithiothreitol) on the kinetic param-
eters of this reaction were studied. It was found that thiouracil is an uncompe-
titive inhibitor with respect to substrate and a competitive inhibitor with
respect to cofactor. The effect of a decrease in the concentration of cofactor
was similar to the effect of addition of thiouracil, i.e. a proportional decrease in
K. and V. The results strongly suggest that enzymatic 5'-deiodination of iodo-
thyronines follows a ping-pong mechanism, which may be envisaged as a trans-
iodination and the subsequent reduction of the iodo-enzyme complex by
cofactor. The intermediate is probably a sulfenyl iodide form of the enzyme,
which reacts with thiouracil to yield a mixed disulfide.

Introduction

The observation that 2-thiouracil derivatives inhibit both enzymatic oxida-
tive iodination of thyroglobulin in the thyroid [1] and enzymatic reductive
deiodination of thyroid hormones in peripheral tissues [2] is intriguing. It sug-
gests that thiouracil reacts with a similar intermediate in both processes. It has
been proposed that in thyroid peroxidase catalysed iodinations the formation
of an enzyme-sulfeny! iodide is involved [3~—7]. Thioureylenes react selectively
with -SI [4,6,7] groups yielding mixed disulfides. It has been shown that
thyroid hormone-deiodinating enzymes (iodothyronine-5- and -5'-deiodinase)
contain essential sulfhydryl groups [8—10]}. Mercapto compounds such as



303

dithiothreitol, 2-mercaptoethanol and reduced glutathione are cofactors in this
deiodination [8] (Eqn. 1, where TI, and TI,_; are substrate and mono-
deiodinated iodothyronine, respectively).

TI, + 2 R-SH -+ TI,— + R-S-S-R + HI (1)

These findings suggest that a sulfenyl iodide intermediate is involved in both
iodination and deiodination of thyroid hormones. To test this hypothesis the
kinetics of the conversion of 3,3’,5"-tri-iodothyronine (reverse T, rT;) into
3,3 -di-lodothyronine (3,3'-T,) (as a model for 5'-deiodinase catalysed deiodina-
tions) were analysed. The results strongly suggest that this reaction follows a
ping-pong mechanism. It is shown that thiouracil inhibits the 5'-deiodination of
1Ty uncompetitively with respect to substrate and competitively with respect to
cofactor (dithiothreitol). These findings are consistent with the formation of a
-SI intermediate.

Materials and Methods

Conversion of rT; into 3,3"-T, was studied as previously described [11,12].
In short, 0.01—1 uM rT; was reacted with rat liver microsomal fraction (3.5—7
ug of protein) in 0.25 ml 0.066 M sodium phosphate, containing 3 mM EDTA
and 0.2—10 mM dithiothreitol (pH 6.5 or pH 8.0). In experiments dealing with
the effect of thiouracil, this compound was added at a final concentration of
0.5 or 1 uM. After incubation for 15 min at 37°C, the reaction was halted by
the addition of 1 ml 1.25% of the detergent Brij-35 in 0.06 M barbital, 0.15 M
NaCl, 0.1% bovine serum albumin (pH 8.8) at 0°C. The amount of 3,3"-T, pro-
duced was determined radicimmunologically in 50 ul of the extract [13]. The
sensitivity of this assay is approx. 1 pg (2 fmol) 3,3"-T,/tube. Cross-reactivities
by 3,3',5-tri-lodothyronine, rT;, 3,5- and 3,5 -di-iodothyronine are all less than
0.05%, and by 3- and 8'-iodothyronine approx. 1%. Both incubation and radio-
immunoassay were performed in duplicate. The data shown are taken from
representative experiments, which were repeated at least once with similar
results.

Dithiothreitol, Brij-35 and thicuracil were obtained from Sigma Chemical
Co., St. Louis, MO, U.8.A.; rT; and 3,3'-T, were purchased from Henning
GmbH, Berlin, F.R.G.

Results

Both pH 6.0—6.5 [11] and pH 8.0 [14,15] have been reported to be
optimal for the conversion of rT; into 3,3'-T,. These apparently conflicting
results are explained by the {inding that, in the range 6.5—8.0, K, as wellas V
increase with pH; from 0.035 to 0.23 uM and from 0.34 to 0.83 nmol 3,3'-T,/
min/mg protein (37°C), respectively [12]. The present investigations were,
therefore, carried out both at pH 6.5 and 8.0. It has been assessed that all sub-
strate added is free to interact with the enzyme by showing a linear relation
between conversion rate and microsomal protein concentration [12].

It was found that both at pH 6.5 and 8.0 the degree of inhibition by
thiouracil of the conversion of rT; into 3,3"-T, increased with substrate concen-
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Fig. 1. Lineweaver-Burk plot of the amount of 3,3"-T; produced versus initial rT3 concentration in the
absence (#) and the presence of 0.5 (0 and 1 (&) ¢M thicuracil at (2) pH 6.5 or (b} pH 8.0. The concen-
tration of dithiothreitol was (a) 1 or (b) 2 mM.

tration. This is indicated by virtually parallel lines in the Lineweaver-Burk plot
of the amount of 3,3'-T. produced versus initial rT; concentratin at different
concentrations of thiouracil (Fig. 1), which is characteristic for uncompetitive
inhibition [16]. Inhibition by thiouracil was obviated by increasing concentra-
tions of dithiothreitol. Double-reciprocal plots of the amount of 3,3'-T, pro-
duced versus dithiothreitol concentration at different concentrations of
thiouracil demonstrate (Fig. 2) that inhibition by thiouracil is competitive with
respect to cofactor both at pH 6.5 and 8.0. Addition of up to 1 mM uracil did
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Fig. 2, Lineweaver-Burk plot of the amount of 3,3'-T; produced versus dithiothreitol concentration in the

absence (#) and the presence of 0.5 (0) and 1 (&) uM thiouracil at (2) pH 6.5 and (b} pH 8.0, The concen~
tration of Ty was (a) 0.1 or (b) 1 pM,
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Fig. 3. Linewcaver-Burk plot of the amount of 3‘3'—T2 produced versus initial rT3 concentration at (a) pH
6.5 or (b) pH 8.0. The concentration of dithiothreitel was 0.2 (*} or 1 {(0) mM,

not affect 3,3'-T; production rate (Visser, T.J., unpublished observations). It
was observed that decreasing the concentration of dithiothreitol resulted not
only in decreased V values but also was there a proportional decrease in K.
This is shown by the parallel lines in the Lineweaver-Burk plot of the amount
of 3,3'.T, produced versus initial r'T; concentration at different concentrations
of dithiothreitol both at pH 6.5 and 8.0 (Fig. 3), which strongly suggests a
ping-pong mechanism [16] for this reaction.

Discussion

The finding that inhibition by thiouracil of the 5-deiodination of rT, is
uncompetitive with respect to substrate (Fig. 1) is in accordance with data
published by Chopra et al. [14] on the effect of 6-n-propyl-2-thiouracil.
Chopra also found that conversion of thyroxine (T,) into 3,3'-5-tri-iodo-
thyronine (T;) by rat liver homogenate is inhibited uncompetitively by propyl-
thiouracil [9]. These observations indicate that thiouracil derivatives react with
an intermediate in the enzymatic deiodination of iodothyronines [16]. The
finding that the inhibition by thiouracil is competitive with respect to cofactor
(Fig. 2) is in line with a report by Leonard and Rosenberg in abstract form
[17] on the effect of propylthiouracil on the 5'-deiodination of T in rat
kidney tissue preparations. It is, however, in conflict with a previous com-
munication from this laboratory [11], where it was noted that the degree of
inhibition by propylthiouracil of the deiodination of several iodothyronines in
rat liver homogenate was similar whether or not incubations were carried out in
the presence of exogenous cofactor ({dithiothreitol). The reason for this
apparent contradiction remains unclear but, obviously, the degree of inhibition
by thiouracil derivatives will depend on the reaction conditions such as the
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type and concentration of cofactor and the concentration of substrate.

The effects of thiouracil on the kinetic parameters of the 5'-deiodination of
rT, (Fig. 1) are similar to the effects of a decrease in the concentration of
dithiothreitol (Fig. 3), i.e. a proportional decrease in K, and V.

It is concluded that conversion of rT; into 3,3'-T, follows a ping-pong
mechanism involving the formation of an intermediate which is reduced by
dithiothreitol to the native enzyme. The intermediate may also react with
thiouracil yielding an inactive complex. The importance of the sulfur in thio-
uracil is llustrated by the finding that uracil is devoid of inhibitory activity. It
has been suggested that, beside the well-documented reaction of thiourea and
thiouracil with sulfeny! iodides [4,6], thiourea may also react with -S-S-
groups [3}. However, it has been shown that the reaction rate of thiouracil
with disulfides is negligible compared with its reactivity towards sulfenyl
iodides [4,6]. Reaction of thiouracil with sulfenyl icdides is much faster than
the reaction of thiols with -SI groups [4]. In our study a significant effect of
0.5 uM thiouracil was observed in the presence of over 1 mM dithiothreitol.
Therefcre, our results strongly suggest that an enzyme sulfenyl (E-S%) group —
probably a sulfenyl iodide — is formed during 5'-deiodination of iodo-
thyronines.

Because of the similarity in enzymatic 5- and 5'-deiodination — both are
stimulated by mercapto compounds and inhibited by thiouracil derivatives —
a general reaction pathway is proposed (Eqgns. 2 and 3).

TI, + E-SH - TI, - E-SH > - - E-8I + TL,_, (2)
E-SI + 2 R-SH - E-SH + R-S-S-R + HI (3)

The formation of a non-covalent, lodothyronine-enzyme complex (TI, - E-SH)
is followed by a displacement reaction, which may include generation of one or
more distinct intermediates. Monodeiodinated iodothyronine (TI,—) is
released and an enzyme-sulfenyl iodide (E-SI} is formed (Eqn. 2). The latter is
reduced to the native state by cofactor (Eqn. 3). E-SI may also react with thio-
uracil (X-SH) yielding a mixed disulfide (E-3-5-X) (Eqn. 4).

E-SI + X-SH ~ E-8-5-X + HI (4)

In both latter reactions the second product (I7) is released. Free enzyme is
obtained from E-S-S-X by reaction with cofactor [6] (Egn. 5).

E-8-8-X + 2 R-SH -+ E-SH + R-S-S-R + X-SH {5)

It should be emphasized that reactions 3 and 5 involve two thiol groups of the
cofactor. In our case these are supplied by one molecule dithiothreitol.

A corollary of the present study is that the substrate is not directly reduced
by the cofactor. Rather, the catalytic process is characterized by two reactions:
transiodination (Eqn. 2) and subsequent reduction of the iodo-enzyme com-
plex by cofactor (Egn. 3).

Reminiscent of the work of Hartman et al. on non-enzymatic deiodination
of diodotyrosine by cysteine [18—20], enzymatic 5'-deiodination may
proceed by addition of a proton to C* yielding (1). This is facilitated by the
electron-donating effect of a dissociated phenolic hydroxyl group. An enzymic
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sulfhydryl group may then assist the elimination of I" by forming a sulfenyl
iodide. This model, however, does not account for the finding thai rT; is a
much better substrate for the 5'-deiodinase than T, the K., being 40-fold lower
and the V being 20-fold higher at pH 7.2 and 37°C [12].

Another possible mechanism of action of iodothyronine-5'-deiodinase is
related to that of thymidylate synthetase in the dehalogenation of 5-bromo-
and 5.-iodo-2'-deoxyuridylate (IdUMP) (Ref. 21, see also Refs. 10, 11). This
implies a primary attack of an enzymic sulfthydryl group to 'od vielding a
covalent enzyme-5"-6"-dihydrosubstrate complex (2). The elimination of I" may

OH
| h
et e
H H
2/\5 O

[\f?\{l

then be accomplished in a concerted mechanism as shown or with the aid of a
second sulfhydryl group yielding an E-SI complex. Steric hindrance by bulky
substituents on both C® and C® in T, may interfere with the approach of the
enzymic sulfhydryl group to C%'. Release of steric hindrance by deletion of one
of these iodine atoms on the tyrosyl ring may account for the preferred reac-
tion with rT;. Also one can envisage 5-deiodination to occur by this mechanism
and not by the former because of the absence of the activating hydroxyl group
on the tyrosyl ring.

Because of the similarities between the structures of IdUMP, iodothyronines
and 5-n-propyl-2-thiouracil —another strong inhibitor of the deiodination of
thyroxine [2,22] —it was previously hypothesized [10,11] that the latter
might inhibit the conversions competitively with respect to substrate. This
appears to be ruled out by the present study.
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Summary

Previous studies have demonstrated that thiouracil inhibits the 5 -deiodina-
tion of 38,3 ,5 -trilodothyronine uncompetitively with respect to substrate and
competitively with respect to cofactor (thiol compounds). This paper shows
that sulfite is also a strong inhibitor of this reaction showing a dose-dependent
effect between 1 uM and 1 mM. The mode of inhibition is similar to that
described for thiouracil. Dose-dependent inhibition was also observed with
thiosulfate (0.01—1 mM), iodide and thiocyanate {both greater than 1 mM). No
effect was exerted by up to 10 mM cyanide and up to 100 mM azide.
Methimazole and thiourea were weak inhibitors above 0.1 mM but inhibition
did not reach completion. These experiments were carried cut in the presence
of 1 mM dithiothreitol. The effect of thiouracil was found to be competitively
obviated by methimazole and thiourea. However, the effeft of sulfite and that
of methimazole or thiourea were additive. It is proposed that an enzyme-
sulfenyl iodide is formed during deiodination (ping-pong mechanism). This
sulfenyl iodide may be reduced by cofactor to yvield native enzyme. It may also
react with thioureylenes, yielding mixed disulfides, or with sulfite, vielding a
thiosulfate. The enzyme-methimazole disulfide is apparently less stable than
the enzyme-thiouracil complex. It is suggested that sulfite also reacts with the
enzyme-thioureylene disulfide.

Introduction

2-Thiouracil (1) derivatives and 2-mercapto-1-methylimidazole
(methimazole; 2) are used in the treatment of hyperthyroidism.
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Scheme I, Structuxes of thicuracil and methimazole.

These drugs interfere with the biosynthesis of thyroxine by inhibiting thyroid
peroxidase activity [1]. Of these compounds only the thiouracil derivatives have
an additional effect on the deiodination of thyroid hormone in peripheral tis-
sues [1]. It has been shown that thiouracil derivatives uncompetitively inhibit
the 5’-deiodination of thyroxine, yielding 3,3'5-trilodothyronine (triiodo-
thyronine) [2], and of 3,3",5-iriiodothyronine (reverse triiodothyronine),
yielding 3,3"-diiodothyronine (dilodothyronine) [3,4]. Thyroid hormone-
deiodinating enzymes contain essential sulfhydryl groups and thiol compounds
are required for activity [5]. Thiouracll has been shown to react selectively
with sulfenyl iodides forming mixed disulfides [6]. It was, therefore, proposed
that deiodination follows a ping-pong mechanism implying the intermediate
formation of an iodo-enzyme complex where the essential -SH group is
converted into a -SI group [4]. In the uninhibited reaction this E-SI complex is
subsequently reduced by cofactor [4]. The present study was undertaken to
test this hypothesis by investigating the effects on the 5'-deiodination of
reverse trilodothyronine by agents such as sulfite known to react with a sulfenyl
sulfur. In addition, the interaction of methimazole and thiourea with the
enzyme inhibited by thiouracil or sulfite was studied. The results demonstrate
that the mode of inhibition by sulfite is similar to that previously shown for
thiouracil [4]. However, inhibition by thicuracil is competitively obviated by
methimazole and thiourea, whereas the effects of the laiter compounds and
that of sulfite are additive.

Methods

The conversion of reverse trilodothyronine into diiodothyronine by rat liver
microsomal fraction in the presence of dithiothreitol was measured essentially
as described previously [7]. In short, usually 0.1 uM reverse trilodothyronine
was incubated in 0.25 ml 0.05 M phosphate containing 3 mM EDTA, 1 mM
dithiothreitol (unless indicated otherwise) and other substances to be tested
(pH 6.5) with 7 ug of microsomal protein/ml for 20 min at 37°C. The reaction
was stopped by the addition of 1 ml 0.06 M barbitone buffer containing 0.1%
bovine serum albumin and 0.1% SDS (pH 8.6). The amount of dilodothyronine
produced was measured with a specific radicimmunoassay in 50 wl of the
extract [8]. The reaction was started by the addition of microsomes,
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Deiodinase activity was corrected for non-enzymic production of diiodo-
thyronine as measured in extracts of control incubations. In the comtrols,
microsomes were added after the barbitone-SDS buffer. Usually, the amount of
dilodothyronine produced in the absence of enzyme was negligible (less than
5%) compared with that generated enzymically. Incubation and radiocimmuno-
assay were performed in duplicate.

Results

At the concentration of microsomes used there is no significant binding of
reverse triiodothyronine to non-enzymic constituents of this fraction and
degradation of dilodothyronine is negligible [7]. Alterations in diiodothyronine
accumulation by test substances either via an effect on substrate availability or
via an effect on the stability of the product are, therefore, excluded. A dose-
dependent inhibition of diiodothyronine production was observed with 0.01—
10 pM thiouracil, 1 uM—1 mM sulfite, 0.01—1 mM thiosulfate and 1—100 mM
iodide or thiocyanate (Fig.1). Delodinase activity was also lowered by
methimazole and thiourea at concentrations above 0.1 mM. Inhibition by these
compounds reached a plateau of only approx. 50% despite increasing their con-
centration above 10 mM. No effect was observed with up to 10 mM cyanide
and up to 100 mM azide. A 50% reduction in deiodinase activity was obtained
with 0.3 uM thiouracil, 0.02 mM sulfite, 0.2 mM thiosulfate and 20 mM thio-
urea, iodide or thiocyanate but not with even higher concentrations of
methimazole.

The effect of addition of 0.04 or 0.1 mM sulfite on the kinetics of the reac-
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Fig. 1. Inhibition of the conversion of reverse triidothyronine into 3,3 -diiodothyronine by various com-
pounds. The following substances were tested: ¥, thiouracil (TU): o, SOZ7; 0, §,027: 4, I 4, SCN™: O,

thiourea, and &, methimazole (MMI). For details see Methods. Results are means of 3—8 closely agreeing
experiments.
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tion was investigated. This resulted in virtually parallel displacements of the
Lineweaver-Burk plot of the deiodination rate versus reverse trijodothyronine
concentration (Fig. 2). This indicates that inhibition by sulfite is largely
uncompetitive with respect to substrate. Increasing the concentration of
dithiothreitol alleviated the effect of sulfite although not completely. Analysis
by means of a double-reciprocal plot of diiodothyronine production rate versus
dithiothreitol concentration revealed that the reaction of sulfite with the
enzyme was largely competitive with cofactor (Fig. 3). These conclusions were
supported by Dixon plots [9] of Figs. 2 and 3. In addition, it was found that
the replots [9] of the 1/v axis intercepts in Fig. 2 and of the slopes in Fig. 3 as
a function of 8O3~ concentration were linear.

In the experiments shown in Fig. 4 addition of 0.4 or 1 uM thiouracil alone
resulted in a suppression of deiodinase activity by 52 and 70%, respectively.
However, inhibition declined to 44 and 44%, respectively, in the presence of
increasing concentrations of methimazole. This is virtually the maximum level
of inhibition obtained with methimazole alone, i.e. 38%. The effects of thio-
uracil are, therefore, competitively obviated by methimazole.

Addition of (.04 or 0.1 mM sulfite suppressed diiodothyronine production
rate by 59 and 72%, respectively (Fig. 5). Now, in the presence of methimazole
inhibition was further increased to a maximum of 79 and 87%, respectively.
Inhibition by methimazole alone in this case was at the maximum 48%. The
effects of sulfite appear, therefore, to be additive to that of methimazole. In
the experiments described in Figs. 2—5 very similar findings were obtained by
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Fig, 4. Inhibition of the conversion of reverse trilodothyronine inte 3,3'-diiodothyronine by the simul-
tancous addition of thiouracil (TU) and methimazole (MMI). TU was tested at concentrations of 0 (e),
0.4 (&) and 1 (=) uM. For details sce Methods. Results are means of four closely agreeing experiments.

Fig. 5. Inhibition of the conversion of reverse triicdothyronine into 3,3'-triiodothyronine by the simui-
taneous addition of sog- and methimazole (MMI). sog‘ was tested at concentrations of 0 (@), 0.04 ¢4)
and ¢.]1 (=) mM. For details see Methods. Results are means of two closely agreeing experiments.
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using 0.4 and 1 mM thiosulfate instead of sulfite and 1—100 mM thiourea
instead of methimazole.

It was found that the effects of the combined additions of thicuracul and
sulfite, of thiouracil and iodide or of thiouracil and thiocyanate, tested in
various proportions, were larger than the effects excerted by these compounds
alone.

Discussion

When this study was in progress Leonard and Rosenberg [10] also reported
on the effect of 6-propylthiouracil on the 5 -deiodination of thyroxine by rat
kidney microsomal preparations. These investigators found that the inhibitory
effect of thiouracil and propylthicuracil was attenuated by dithiothreitol,
methimazole and thiourea but not by thiocyanate. They, however, noted a full
restoration of deiodinase activity by 1 mM thiourea or methimazole, which in
themselves did not inhibit trilodothyronine production. This discrepancy with
our observation may be related to the differences in experimental conditions
such as the choice of substrate and enzyme preparations, and the concentra-
tions thereof, difference in dithiothreitol concentrations (0.1 mM [10] or
1 mM) and the absence [10] or presence (this paper) of air oxygen. In essence,
nevertheless, their findings are in agreement with those presented by us previ-
ously [4] and in the present paper.

It has been demonstrated by Leonard and Rosenberg [10] and by us [4]
that enzymic 5'-deiodination follows a ping-pong mechanism. Reaction of the
first substrate (iodothyronine) with the enzyme results in the formation of an
intermediate enzyme-complex, which by reaction with the second substrate
(thiol cofactor) is converted back into native enzyme. Since it has been shown
[6] that iodothyronine-deiodinating enzymes contain essential cysteine
residues it is quite conceivable that during deiodination a sulfhydryl group is
being oxidized. In consideration of the high reactivity of thiouracil towards
sulfenyl iodides compared with ordinary disulfides [6] the formation of an
E-SI complex in the catalytic cycle was implied [4]. The findings that thio-
uracil inhibits this reaction uncompetitively with substrate [2—4,10] and
competitively with cofactor [4,10] support this hypothesis. They demonstrate
that thiouracil reacts only with an intermediate in the deiodination process,
being also the site of reaction with cofactor (see Fig. 6). It is not excluded,
however, that inhibition by thiouracil is due to a reaction with some other
form of sulfenyl sulfur such as an activated (protonated) disulfide [11—15]. To
test this possibility the effect of several agents known to react with protein
disulfides was investigated.

An intriguing observation was the high reactivity of SO3™ in contrast to the
inactivity of CN~. Cyanide is at least as reactive as SO}~ towards both
disulfides [11—13] and sulfenyl iodides [6]. It should, however, be kept in
mind that the present experiments were carried out in the presence of 1 mM
dithiothreitol. The products of the reaction of SO%~ and CN™ with both a
sulfenyl iodide and a disulfide are a thiosulfate and a thiocyanate, respectively.
The difference in effect of sulfite and cyanide on the production of diiodo-
thyronine may well be due to differences in the rate of regeneration of the
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sulfhydryl group from these products by dithiothreitol. Iodide and thiocyanate
were found to be weak inhibitors of 5'-deiodinase activity (Fig. 1).

Inhibition by sulfite is largely uncompetitive with substrate and competitive
with cofactor. Thus, while belonging to an entirely different class of com-
pounds, the mode of inhibition of the 5'-deiodination of thyroid hormone by
803" is similar to that by thiouracil. These findings provide further evidence for
the formation of an enzyme-sulfenyl group (E-S*) in this reaction.

Alleviation of the inhibitory activity of thicuracil by methimazole may he
due either to competition of these compounds for the sulfenyl group in the
intermediate enzyme complex {6] (Fig. 6, Reactions 2 and 3) or to reaction of
methimazole with the enzyme-thiouracil mixed disulfide. The reaction rate
especially of methimazole but also that of thiourea with g-lactoglobulin
sulfenyl iodide are much higher compared with thiouracil {6]. This is in
contrast with the results presented in this paper. It is shown that inhibition at
saturating concentrations of methimazole is far from complete. This suggests
that the mixed disulfide of enzyme with methimazole is rapidly reduced by
cofactor (Fig. 6, Reaction 5). Recent studies on the structure-activity relation-
ship of thioureylenes have shown that the low activity of methimazole is
primarily due to the methylation of N, [16].

The mode of inhibition by SO3%™ is very similar to that of thiouracil. The
different behaviour of methimazole with the SO% -inhibited enzyme compared
with its action in the presence of thiouracil was, therefore, unexpected. It has
been reported that besides methimazole other compounds such as SO2~ react
with §-lactoglobulin-thiouracil disulfide [17]. This suggests that inhibition by
sulfite is not prevented by methimazole but that reaction with SOZ™ may even
be accelerated by prior formation of the enzyme mixed disulfide with
methimazole (Fig. 6, Reactions 3 and 6). It should be noted that in the pres-
ence of sulfite there is minor irreversible loss of enzyme activity, which is not
overcome by increasing dithiothreitol concentrations (Fig. 3). It is not
excluded, therefore, that the effects observed with the simultaneous addition
of SO%™ and methimazole may be accounted for to some extent by this action
of sulfite. -

Fig. 6 is shown in an attempt to clarify the several observations described in

Tl +ExSH—>T-1 . +[E=s1]

» H!| +E-SH +R-5-5-R
e

HI +E-5-5-X, | (8) 2 R-SH
(@) 2 R-sH
Hi + E-S-5-X, | (&) 5032'

, I+ E-5-50,

Fig, 6. Possible interactions of thiouracil (X;-SH), methimazole (X2-SH) and sog‘ with iodothyronine
5'-deiodinase. Unaltered thiouracil and methimazole are rcleased in reactionms 5 and 6. Simijlaxly, un-
altered SO%_ is a product of Reaction 7. T-I,, iodothyronine.
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this paper. Recent studies in our laboratory are compatible with this view, since
it has been found [18] that binding of radicicdinated propylthiouracil to rat
liver microsomal fraction is induced specifically by substrates of the iodo-
thyronine-5'-deiodinase. This binding is prevented competitively by dithio-
threitol, unlabelled propylthiouracil, methimazole and sulfite. Since,
apparently, Reaction 5 for the enzyme-thiouracil mixed disulfide and Reac-
tion 7 are slow compared with Reaction 1 (Fig. 6), thiouracil and sulfite may
be regarded as dead-end inhibitors. This is substantiated by the finding of linear
replots of Figs. 2 and 3 [9].

In conciusion, the present study provides further evidence that an enzyme-
sulfenyl group, probably a sulfenyl iodide, is formed during 5'-deiodination of
iodothyronines. In view of the lability of -SI groups in agqueous media [6] it
will, however, be a difficult task to prove the actual formation of such a deriva-
tive of the 5'-deiodinase.
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SUBSTRATE REQUIREMENT FOR INACTIVATION OF IODOTHYRONINE 5'-DEIODINASE ACTIVITY
BY THIOURACIL

Theo J. Visser and Ellen van Overmeeren,
Department of Internal Medicine III and Clinical Endocrinology, Medical Faculty,
Erasmus University, Rotterdam, The Netherlands.

SUMMARY

Preincubation of rat liver microsomal fraction with 1 uM 2-thiouracil and
either 0.01-1 uM 3,3',5'-triicdothyronine, 0.01-1 uM 3',5'-diiodothyronine,
0.1-10 uM thyroxine or 0.1-10 yM 3,5-diiodothyronine led to a persistent,
progressive and concomitant decrease in subsequently assayed 3,3',5'-triiodo-
thyronine and 3',5'-diicdothyronine 5'-deicdinase activity. Preincubation with
thiouracil alone, with iodothyronines alone or with thiouracil and 10 uM
thyronine or 3,5-diiodotyrosine had virtually no effect. The results indicate
that {1} a previously proposed ping-pong mechanism for thyrcid hormone deiodin-
ation, involving the formation of an enzyme-sulfenyl iodide intermediate, is
correct; {2) thyroxire, 3,3',5'-triiodothyronine and 3*,5'-diiodothyronine are
substrates for a common 5'-deicdinase; (3) this §'-deiodinase is not fully
specific as regards the position of the iedine substituents in the substrate,
since it also appears to catalyse the 5-deiodination of 3,5-diiodothyronine.

INTRCDUCTION

The main route of metabolism of the fodoamino acids, iodotyrosines and
iodothyrenines, is by means of deiodination. In both instances the enzymatic
reaction is a reductive process, yet different types of enzymes are involved.
Deiodination of iodotyrosines is catalysed by a microsomal enzyme complex,
which uses reductive equivalents supplied by NADPH (Goswami and Rosenberg,
1977). Todethyronine deiodinase activity is also located in the microsomal
fraction of several tissues, but present evidence indicates that it constitutes
a single enzyme, where reductive equivalents are supplied by thiols (Visser et
al, 1976; Fekkes et al, 1980).

In the deiodination of 3,3',5,5'-tetraiodothyronine (thyroxines; T4) two
types of reaction may be distinguished, i.e. deiodination of the phenolic ring
(6'-deiodination}, yielding 3,3',5-triiodothyronine (T3), and deiodination of
the tyrosyl ring (5-deiodination}, yielding 3,3',5'-triiodothyronine {rTB),



Both T3 and rT3 are subject to further degradation by both 5- and 5'-deicdin~
atien. Of ali occurring jodothyronines Ts is biologically the most active,
suggesting that deiodination of T4 is a possible site for the regulation of
thyroid hormene activity at the level of peripheral tissues. It has been
suggested (Visser, 1978) that 5- and 5'-deiodinations are mediated by separate
enzymes (jodothyronine 5- and 5'-~deiodinase). As yet no direct evidence has been
presented to support this hypothesis. On the contrary, subcellular fracticnation
(Fekkes et al, 1879) and analysis of detergent extracts of microsomes with
various techniques (Fekkes et al, 1980) have failed to separate 5- and 5'-
deiodinase activity.

Recent findings {Legnard and Rosenberg, 1978, 1980; Visser, 197%, 1980)
suggest that dejodination follews a ping-pong mechanism. This involves the
transfer of an fodinium ion from the substrate to a sulfhydryl group of the
enzyme leading to the formation of an enzyme-sulfenyl jodide (E-SI) complex.

The E-SI intermediate is subsequently reduced by mercapto compounds (cofactor)
to free enzyme. The enzyme is inhibited by derivatives of 2-thiouracil (TU} as
these compounds react with the E-31 intermediate forming an enzyme-TU mixed
disulfide (dead-end complex). This is supported by the finding that inhibition
by TU is uncompetitive with substrate and competitive with cofactor. Thus, TU
reacts with the enzyme only after formation of the E-SI intermediate and,
therefore, only if substrate is present. This appears to be true as binding

of radiocactive TU to rat Tiver microsomal fraction is specifically induced

by substrates of the 5'-deiodinase (Visser and Van Overmeeren, 1979; Leonard
and Rosenberg, 1980). Moreover, the persistent inactivation of T4 5'~deiodinase
activity by TU regquires the presence of T4 (Leonard and Rosenberg, 1978, 1880)5.

Results from previous experiments have suggested that the 5'-dejodination
of several icdothyronines is mediated by a single enzyme. Thus, rT3 is a
competitive inhibitor of the 5'-deiodination of T4 and vice versa where apparent
Km and Ki values were found to be identical (Keplan and Utiger, 1978; Visser et
al, 1979a). Furthermore, the effect of pH on the 5'-dejodination of rT3 and
3',5‘~diiodothyronine(3',5'~T2)was found to be very similar (Visser and Van
Overmeeren, 1980). Based on the above reaction model the possibility of a single
enzyme catalysing the 5'-defodination of the different jodothyronines has now
been tested more directly.

5'-Deiodinase activity of rat Tiver microsomal fraction was inactivated
by coincubation with TU and rT3, 3',5‘-T2, T4 or, though to a lesser extent,
alsg with 3,5-T2 but not with 3,5-difodotyrosine (DIT) or thyronine (Tg). These
results indicate that T4, rT3 and 3',5'—T2 are indeed substrates for a common



5'-dejodinase. The specificity of this enzyme, however, is not complete since
it also appears to catalyse, though with Tesser efficiency, the deiodination of
3,5-T2.

MATERIALS AND METHODS

Materials

L-Thyrenine, 3,5- and 3',5'-diiodc-L-thyrenine, 3,3',5'-triiode-L~thyronine,
L-thyroxine and 3,5-diiodo-L-tyrosine were of the highest purity available and
were purchased from Henning Berlin GmbH, Germany. 2-Thicuracil, N-ethylmaleimide
and D,L-dithiothreitol  were obtained from Sigma Chemical Co.., 5t. Louis, MO, USA.

Methods

Rat T1iver microscmal fraction was prepared essentially as described {Visser
et al, 1976). Aliquots of this preparaticn (final protein concentration 400 pg/
ml) were incubated at 37°C with 1 wM TU and various concentrations of fodoamine
acids or T0 in 0.05 M phosphate, 3 mM EDTA, 0.1 mM dithiothreitol (DTT}, pH 6.5.
After 30 min the reaction mixtures were diluted 10-fold by the addition of 0.05
M phosphate, 3 mM EDTA, pH 6.5, at 0° C. In control experiments, microsomes were
incubated without iodoamino acids or TO which were added only after the dilution
of the reaction mixtures. The resulting suspensions were kept at 0° C until the
assay of 5'-deicdinase activity. For this, aliqucts of the mixtures were incub-
ated at 37° ¢ with equal volumes of 0.05 M phosphate, 3 mM EDTA, 2 mM DTT,
pH 6.5, containing 2 uM 3',5‘—T2 or 0.05 WM rT5. After 15 min the reaction was
stopped by the addition of 9 volumes 0.06 M barbitone, 0.15 M NaCl, 0.1% bovine
serum albumin, 0.1% sodium dodecyl sulfate, pH 8.6, at room temperature. In
controls, substrate was added only after the sodium dodecyl sulfate-buffer. The
products formed (3'-iodothyronine and 3,3'-T2, respectively) were measured in
duplicate by specific radicimmunoassays in 50 ul of the extracts (Visser et al,
1879a; Visser and Van Overmeeren, 1980).

In 2 similar type of experiment microsomes were preincubated for 30 min
at 37° C with 1 mM N-ethylmaleimide (NEM) and 0.1-1 uM 3',5‘~T2. The reaction
mixtures were now diluted with 0.05 M phosphate, 3 mM EDTA, 2 mM DTT, pH 6.5,
to block unreacted NEM. The subsequent assay of 5'-deicdinase activity with
3’,5‘-—T2 as the substrate was performed as described above.



RESULTS

Preincubation of rat Tliver microsomal fraction with thiouracil alone or
with iodothyronines alone did not affect the 5'-dejodination of rT3 or 3',5'-
T2 in the second incubation. However, coincubation of microsomes with 1 uM TU
and either 0.01-1 uM rT3, 0.01-1 uM 3‘,5‘~T2, 0.1~10 uM T4 or 0.1~10 yM 3,5-T
resulted in a persistent and progressive loss of rTS 5'-deiodinase activity
(Fig. 1). After incubation of micrcsomes with TU in the presence of 10 uM To
or DIT, rTy 5'~deiodinase activity was found to be 91 + 9% and 80 + 7% (mean
+ 5.D., n=6) of the control value, respectively. The presence of as little as

2

0.01 uM rT3 or 3',5‘-T2 in the preincubation resulted in a loss of 60% cof enzyme
activity in both cases. The addition of 0.1 uM T4 or 1 uM 3,5-T2 to the reaction
mixtures during the preincubation led to an persistent decrease in 5'-deiodinase
activity by 40% and 60%, respectively {Fig. 1.). Under the conditions tested,
maximum inhibition was obtained with 0.1 uM rTy or 3',5'-T,, 1 uM Ty and 10 uM
3,5—T2 and amounted to approximately 80%.
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Fig. 1. Effect of preincubation of rat liver microsomal fraction with 1 uM TU
with or without varicus concentrations of rT3, 3',5'-Tz, Tg or 3,5-Tp
on the subsequent assay of rT3 5'-delodinase activity. For details see
text. Results are expressed as percentage of control and are given as
mean + S.D. (n=4-8).



Figure 2 shows that coincubation of microsomes with 1 yM TU and increasing
concentrations of 3‘,5'—T2, T4 or 3,5~T2 led to a progressive, parallel less of
rT3 and 3',5'—T2 h'-deiodinase activity. Irrespective of the substrate used in
the second Tncubation, virtually maximum{approximately 70%) inhibition was
reached again using 0.1 M rTa or 3‘;5'-T2, 1M T4 or 10 uM 3,5—T2.

Even after the subsequent addition of excess DTT, 3‘,5'~T2 5'-deiodinase
activity was found to be greatly inhibited following the reaction of microscmes
with 1 mM NEM. Compared with the control experiment, where NEM was added only
after the DTT, only 4-5% of deiodinase activity was left. The presence of 0.1 or
1M 3',5'-T2 during the preincubation did not protect against the inhibitory
activity of NEM. This resulted only in an increase in the subsequent 5'-deiodin-
ation of 3',5‘~T2 to 7-8% of the control.

5'-Deiodinase activity (% of conirel}
&
L

“log [31,5'-T,] [14) [3.5-15]

Fig. 2. Effect of preincubation of rat Tiver microsomal fraction with 1 uM TU
with or without various concentraticns of 3°,5'-T,, T4 or 3,5—T2 on the
subsequent assay of rTy (M) and 3',5'-To (@) 5‘—d§iod1nase activity.
For details see text. %esu1ts are expressed as percentage of control
and are given as mean + S.D. (n=4-8).



DISCUSSION

The conditions for the experiments described in the previcus section were
chosen such that concentrations of TU and jodothyronines were high enough in
the first incubation to ensure a proper interaction with the enzyme, After
dilution, the concentrations of these compounds would need to be decreased as
much as te prevent the interference with the subsequent assay of deiodinase
activity. Previcus studies had shown that 0.1 and 1 uM TU inhibit enzyme activ-
ity by 25 and 75%, respectively, in reaction with mixtures containing 0.1 uM
rTs (substrate) and 1 mM DTT {cofactor) at pH 6.5 (Visser et al, 1879b}. In
the present experiments, the mixtures contained I uM TU and C.1 mM DTT in the
first, and 0.05 pM TU and 1 mM DTT in the second incubation. At pH 6.5 in the
presence of 3 mM DTT, apparent Km values for T4, rT3 and 3',5'-T2 are 3, 0.04
and approximately 0.1 uM, respectively. Deiodination rates of rT3 and 3',5'~T2
are also much higher compared with T4 (Visser et al, 197%a; Visser and Van Over-
meeren, 1980; D. Fekkes, E. van Overmeeren and T.J. Visser, unpublished work).
The concentrations of 3',5'-T2 and T4 were at the most 1, 1 and 10 uyM in the
first, and 0.05, 0.0% and 0.5 uM, respectively, in the second incubation. In
the presence of saturating concentraticns of substrate in the second incubation,
the small amount of iodothyronine carried over from the first incubation would,
therefore, not interfere with the estimation of enzyme activity. These consider=
ations were borne gut by the findings that enzyme activity measured after in-
cubation of microsomes with TU alone or with iodothyronine alone was not differ-
ent from the control experiment.

It has been shown previously that only in the presence of substrate the
reaction of TU with the 5'-deiodinase leads to a persistent inactivation of the
enzyme (Leonard and Rosenberg, 1678; 1980; Visser, 1979}. This is probably the
result of the formation of an enzyme-TU mixed disulfide by reaction of TU with -
an enzyme-sulfenyl iodide (E-SI} intermediate. We now have demonstrated that
preincubation of rat liver microsomal fraction with TU and low concentrations
of rT3, 3',5'-T2 or T4 results in a decrease in the subsequently assayed 5'-
deicdinase activity. These findings not only confirm the proposed mechanism
of inhibition by TU, but also prove that indeed these jodothyronines are sub-
strates for a common 5'-defodinase. This is substantiated once more by the
observation that the effects on 5'-deiodinations of both rT3 and 3',5'—T2 were
very similar depending on the conditions during the preincubation. The specific-
ity of the inactivation process is illustrated by the finding that the inhibit-
ory activity of TU is net or virtually not expressed in the presence cf high



concentrations of TO or DIT. Moregver, the relative activity of T4, rT3 and
3',5'—T2 in the induction of dead-end complex formation by TU mirrors their
performance as substrates for the 5'-dejodinase. This is further support for

the concept that compounds which assist in the inactivation of the 5'-deiodinase
by TU are also substrates for this enzyme.

Thus, there appears to be an absoiute requirement for the presence of sub-
strate in the persistent inactivation of the 5'-deiodinase by TU. Unexpectedly,
3,5-T2 also fulfiiled this requirement, despite the absence of jodine sub-
stituents in the 3' and 5' positions. These results lead to the inevitable
conclusien that 3,5—T2 is also deiodinated by the same enzyme which mediates
the 5'-deiodination of other jodothyronines. Both 5- and 5'-deiodinations may,
therefore, be catalysed by the same enzyme. Whether this reflects that only
a single enzyme is involved in the entire sequential deiodination of thyroxine
remains to be investigated. Published observations of the deiodination of
thyroid hormone in vivo and in vitro are best explained by the two-enzyme
hypothesis. If this hypothesis proves to be correct our results indicate that
these enzymes have no absolute specificity. Recent studies have also shown that
at high concentrations 3,5-T, is a competitive inhibitor of the 5'-deicdination
of 3',5'~T2 (D. Fekkes, E. van Overmeeren and T.J. Visser, unpublished work}.

The experiments involving NEM were also intended to give information on
the substrate specificity ¢f the 5'-deiodinase. If the enzyme-suifhydryl group
actively involved in the deiodination process, were the only one expesed to the
environment, one would anticipate that cccupation of the active site with sub-
strate would prevent NEM from b1ock{ng this group. In that case it would be
possible to test by an entirely different approach which jodothyrenines are
substrates for a common enzyme. The results once again demenstrate that thyroid
hormone-deiodinating enzymes contain one or more essential cysteine residues.
The failure of 3',5'-T2 to protect against the inactivation by NEM may suggest
that the catalytic thiol group is not shielded sufficiently by the substrate
under the conditions tested. It may also indicate that essential sulfhydryl
groups are also Tocated outside the active site of the enzyme.

In conclusion, the present results demonstrate that 3,5—T2 is deiodinated
by the enzyme catalysing the 5'-dejodination of other fodothyronines. The
results at least indicate that thyroid hormgne deiodinating enzymes do not
display full specificity with respect to the position of the iodine atoms in
the substrate.
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