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CHAPTER 1

GENERAL INTRCDUCTION

I.A Thyroid hormone synthesis

The thyroid is the production site of 3,37,5,5'-tetraiodothyronine
{thyroxine, T,) which is synthetized by iodination of tyrosine residues in
thyroglobulin and subsequent coupling of two diiodotyrosine residues within
the  thyroglobulin molecule. Thyroxine is liberated by proteolytie
degradation of the thyroglobulin ian the follicular cells of the thyroid
(DeGroot and WNiepomniszcze 1977). Coupling of a monolodotyrosine residue
with a dilodotyrosine residue yields the biologically active thyroid
hormone 3,3",5-triiodothyronine (T3). The secretion of TS by the thyroid
gland is, however, & minor source of circulating Tq (Chopra et al 1978%).
The production and release of iodothyronines by the thyroid are under
control of thyroid stimulating hormome (TSH)} of the pituitary gland
(Fig. 1). The rate of TSH secretion is subject to neuroendocrine
regulation by hypothalamic peptides. The tripeptide TRH (TSH-releasing
hormone) has a stimulatory effect on TSH secretion whereas somatostatin has
an inhibitory effect (Relchlin 1978). In addition, thyroid hormone . exerts
2 negative feedback on TSH secretion (Larsen 1982, Larsen et al 1981). The
ultimate inhibition of TSH release by T3 binding to the muclear receptor of
the pituitary depends largely on intracellular comversion of T4 to Ty (see
chapter I.B). Thus although a linear correlaticn exist between T3 binding
to the nucleus and the degree of TSH suppression (Silva and Larsen 1978)
the actual serum TSH concentration correlates better with the serum T,
concentration (Larsen 1982). Little is known about the potential role of
changes in TRH release in the physiological regulation of TSH scretion and
thyroid function. Long term glucocorticoid eXcess as seen in Cushing's
disease may reduce the pituitary sensitivity for TRH (Sowers et al 1977,
Visser and * Lamberts 198l) or inhibit the secretion of TRH by the
hypothalamus (Singer et al 1978) while estrogen may potentiate the



TRH-induced TSH release (Reichlin 1978). Finally, dopamine administration
results in a suppression of serum TSH probably by a direct effect on the
pituitary (Kaptein et al 1980). Also dopamine receptor agonists suppress

serum TSH whereas dopamine receptor antagonists stimelate TSH secretion
(Foord et al 1983).
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1.3 Thyroid hormone metabolism.

After secretion of T4 into the circulation it becomes largely bound to
specific serum proteins. in Thumans T, is mainly bound to T4-binding
globulin (TBG) and to lesser extents to T,-binding prealbumin (TBPA) and

albumin, resulting din a free concentration of approximately 0.03%
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(Hoffenberg and Ramsden 1983). Recently, the presence of a specific
I,~binding albumin (TBA) has been reported as a normal constituent of human
serum although in limited quantitiés {Docter et al 1984). [Inherited
elevation of TBA results just like in inherited TBG excess in an increase
of serum total T, levels with normal free concentrations {Docter et al
1981, Barlow et al 1982). The free iodothyronine concentration is
suggested to regulate the rate of undirectiomal.transfer of hormone from
plasma to tissue {(Oppenheimer et al 1967). This'transport phenomenon has
been thought to be a passive diffusion—controlled process (Hillier 1970).
Experiments with cultured rat hepatocytes have however shown the presence
of an active transport system for iodothyronines (Kremning et al 1983).

A wvariety of metabolic pathways for thyroid hormone has been published.

Figure 2 summarizes these reactions. The deiodination of T, is the most
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important pathway and it may be calculated that in euthyroid humans
approximately 80% of the total T, produced daily is metabolized by
monodeiocdination (Engler and Burger 1984). Outer ring or b5'-deiodination
of T, gives rise to the production of T3 Because the intrinsic
thyromimetic activity of TA, if anything, is low in comparison with that of
Ty it is nowadays generally accepted that T3 is the biologically active
thyroid hormone and T, serves merely as a prohormome (Chopra et al 19782,
Visser 1978, Larsen et al 1981). About B80Z% of the serum T4 concentration
is derived from the 5'-deiodination of T, in peripheral tissues {Larsen et
al 1981, Engler and Burger 1984). In this way about 30% of produced T, is
converted to E3- The remaining 20% i1s secreted by the thyroid. This
secreted T3 may im part be derived from intrathyroidal enzymatic
deiodination of T, by an enzyme with similar characteristics as the
5'~deiodinase found in liver and kidneys (Erickson et al 1981, Ishii et al
1982, Wu 1983, Sugawara et al 1984).

A roughly equal proportion of T, dis converted by inmer -ring or
5~deiodination to  the biologically inactive 3,37,5'-triiodothyronine
(reverse T3, rT3). Thyroidal secretion of rT3 is negligible so that
peripheral defodination accounts for 97.5% of the daily 1Ty production
(Chopra 1976). Both triiodothyronines are further metabolized by stepwise
deiodination to a series of diicdothyronines (Tz), monoiodothyronines (Tq)
and finally thyronine (TO). A central metabolite inr this cascade is
3,3'”T2, which is generated by both S5-deiodination of T5 and
5'-deiodination of rTy (Gavin et al 1978, Chopra et al 1978b). In several
clinical situations of mnon-thyroidal  illness typical changes in the
metabolism of T, are observed. These changes are characterized by a
reduction o¢f serum T3 rogether with an increase of serum rT5 concentration
while T, levels often remain constant. Analysis of serum kinetic
parauneters of the trijodothyronines have demonstrated that the production
of T3 is decreased dbut its clearance is unaffected. Conversely, the
production of Ty is apparently not changed but iets metabolic ¢learance
rate is decreased (Engler and Burger 1984, Hesch 1981). This situation is
commenly refered te as the "low T3 syndrome” and may be induced by calorie
deprivation, systemic illness, surgical stress and the administration of

certain drugs, i.e. propylthiouracil (PTU), propranclol, dexamethasone and
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X-ray contrast agents. The teleological significance of the "low T4
syndrome™ may be that of an energy-sparing defense mechanism in situations
of stress (Chopra et al 1978). The decrease of serum Ty production with an
unaltered metabolic clearance and the opposite effects on the kinetics of
rls has led to the hypothesis that the monodeiodination of Ty, is catalyzed
by two different enzymes, i.e. a 5" and a 5-deiodinase, which may be
regulated indepeandently. Recent findings have shown that this is very
unlikely for the liver {(Fekkes et al 1982b, Chopra and Chua Teco 1982),
which possesess a single enzyme capable of catalyzing both 5'- and
5-deiodinations. Furthermore, it has become clear that the mechanism and
regulation of enzymatic deiodination differs among tissues (see chapter
II.B).

Besides moncdeiodinations some 2074 of T, dis metabolized by other
pathways. These include conjugation of the phenolic hydroxyl group with
glucurconic acid or sulfurie acid, ether link cleavage and oxidative
deaminarion  of the alanire side chain. 0f these processes the
iodothyronine conjugation is probably the major pathway. The conjugates
are formed enzymatically by sulfotransferases in the cytoplasm or
UDP-glucuronyl transferases in the endoplasmic reticulum of wmainly Iliver
and kidney. Both conjugating activities represent a panel of isoenzymes
(Sekura et al 1981, Chowdurry et al 1983) with overlapping substrate
specificities. Reviews on thyroid hormone conjugation have appeared
recently (Engler and Burger 1984, Otten l984b). Renewed interest in
especlally sulfation arises from recent findings that iodothyronine
sulfates are much better substrates for the liver deiodinase in comparison
with the native compounds {(see chapter II).

Todothyronine metabolism in the phagocytosing human leucocyte follows
mainly the pathway of ether link cleavage, resulting in the formation of
mainly diiodotyrosire and iodide. Ether link cleavage is associated with
the "respiratory burst”™ of phagocytes, involving the generation of
superoxide anion radicals and subsequently Ho0, which cause the oxidative
breakdown of ilodothyronines (Engler and Burger 1984, Burger et al 1983).
Although ether link c¢leavage 1s normally a wminor pathway it may be
increased during infectious diseases and thereby accelerate T, turnover

{Woeber 1971}. Ether link cleavage requires enzymatic production of
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radicals and Hy04 but is in nature a nom—enzymatié process (Burger et al
1983). The ability of iodothyronines to react with free radicals make them
excellent antioxidants (Tseng and Latham 1984).

Finally, the alanine side chain of iodothyronines may be converted by
oxidative deamination or decarboxylation. Very little is known about the
occurrence and effects of decarSoxylated iodothyronines. They may have a
@-adrenergic effect as revealed by 3,37,3-triiodothyronamine in an assay of
cAMP production in turkey erythrocytes (Meyer and Rokos 1983). Also Ty may
have a neurotransmitter effect as is suggested by its synaptosomal
accumulation (Dratman and Crutchfield 1978). More is known about the
oxidative deamination resulting in the formation of acetic acid derivatives
of iodothyronines. Experiments with dogs have shown that the acetic acid
analogue of T, (tetrac) may be delodinated in wvive (Flock et al 1962).
These experiments have als¢ shown that the acetic acid analogues may be
glucuronidated and sulfated as determined by their appearance in the bile.
The occurrence of reverse triac in canine serum after administratiom of
radiolabeled tetrac in contrast with undetectable councentrations reverse
triac in human serum (Engler and Burger 1984) may be caused by a remarkable
difference between rT3 deicdination as measured in vitro by dog liver
microsomes (Laurberg and Boye 1982) or human and rat liver mnicrosomes
(Visser et al 19792, 1983%). Reverse T, is rapidly deiodinated by human
and rat microscmes whereas rTy is more or less stable In iIncubations with

dog. liver microsomes. From the daily production rate of tetrac in humans
‘ it has been calculated that oxidative deamination is a very minor pathway
and accounts for only 1 to 2% of the daily T, degradation (Engler and
Burger 1984). Studies of Gavin er al (1980) have shown that up to 14% of

the total T3 amount produced daily may be converted to triac.

I.C Scope of the present study

As mentioned in the preceding paragraphs, enzymatic deiodination of T,
is the most important route for the production of the biclogically active

thyroid hormone, T3- The liver is regarded as the principal site for the

peripheral production of T4. Besides deiodination the liver is zlso mest
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active in the conjugation of the different ZLodothyromines with either
glucuronic acid or sulfuric acid. Chapter II deals with a review of recent
literature concerning cellular wuptake and enzymatic delodination of
iodothyronines from  experiments with cultured rat hepatocytes or
subcellular £ractions. The regulation and nature of the enzymatic
deiodination in the liver will be compared with deiodinases found in other
tissues. In order tolgain more insight in the mechanism of enzymatic
deiodination, attempts have been made to purify the deiodinating enzyme of
rat liver and kidneys. oOur efferts towards deiodinase purification will be
discussed in conjunction with data available from the literature. Finally,
gome remarks will be made concerning the importance of the liver in thyroid
hormone metabolism.

The following chapters describe investigations related t¢ the mechanism
of rat liver jodothyronine deiodinase. Chapters III and IV concern the
development of convenient wnethods for the chemical synthesis of
iodothyronine sulfate esters and sulfamates, and the subsequent study of
the deiodination of these compounds, especially T, sulfate ester. The
chemical modification of the iodothyronine deiodinase by
diethylpyrocarbonate or photo-oxidation with Rose Bengal is 'reported in
chapter V. These results strongly suggest the presence of an active site
histidine residue. Chapter VI describes the use of N~bromoacety1—T3 as an-
affinity label for the deiocdinase, while chapters VII and VLII deal with
the partial purification of the enzyme from rat liver microsomal fractioen.
Basic knowledge of the deiodinating enzymes will help us to understand the

alterations of serum iodothyronine concentrations in health and disease.

15






CEAPTER 1II
THE LIVER, A GENTRAL ORGAN FOR TODQTHYRONINE METABOLISM?
II.A Iodothyronine uptzke in cultured rat hepatoytes.

The research into the enzymatic deiodination of thyroid hormone by rat
liver has predominantly been carried out with tissue homogenates or the
microsomal fraction. Some investigators have made use of whole—cell
preparations, i.e. primary cultured hepatocytes, hepatoma cell lines or
liver perfusioms. For a long time little attention has been paid to the
uptake process of iodothyronines into the liver cell as it was thought to
be only a passive diffusion~controlled process without a regulatory
function (Hillier 1970). However, increasing evidence has been obtained
that the uptake of thyroid hormone into isolated rat Iliver c¢ells is at
least in part carrier-mediated (Kremning et al 1983). This specific uptake
depends on the cellular ATP concentration and may be associated with the
sodium  gradient over the plasma membrane. As T3 production is
predeminantly dependent on intracellular T, deiodination, it f£follows that
any process that lowers the intracellular concentration of 14 will. reduce
the production of biologically active thyroid hormone. Such a process that
regulates the uptake of T, by tissue cells may also influence the metabolic
clearance of Ts. Recently, tracer kinetic studies in obese subjects showed
that the transport of T, and T, into tissues is diminished during caloric
deprivation. This phencmenon was much more promounced for T, than for Ty
(Van der Heyden et al 1985).

The similarity between cellular uptake of T, and T5 is  still
controversial. Studies using cultured hepatocytes suggest that rat liver
plasma membranes contain ewo  different sites for  transport of
iodothyronines, i.e. a common T, and rTy site and a differeat T4 site
{Krenning et*al 1981). Other studies with £reshly isolated hepatocytes
suggest that T, enters the cell by diffusion and that only T3 transport is
carrier-mediated {Rao and Rao 1983). Recent studies with a wmonoclonal

antibody against rat liver cells show an equal inhibitory effect on T; and

T3 uptake by cultured hepatocytes without affecting the sodium gradient
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over the plasma membrane, suggesting that T, and T, share a common carrler
in the plasma membrane. By electrophoretic analysis of ifmmunoprecipitated
proteins it has beern shown that the uptake is wmediated by a 52,000
moleéular weight protein of the plasma membrane (Mol et al 1984%).  The
concept of a regulatory role for the cell membrane in cellular T#

metabolism merits full exploration.
I1.3 Enzymatic deiodination

Deicdination of iodothyronines in vitro was initially investigated by
using tissue homogenates of both liver and kidney (Hesch et al 1975, Visser
et al 1975, Hiifner et al 1977, Chiraseveenuprapund et al 1978). Several
studies have shown that deiodinase activity is most abundant in liver and
kidney (Chopra 1977, Kaplan et al 1979). Subcellular f£ractionation of
these homogenates has shewn that the enzymatic deiodination requires the
presence of a micreosomal enzyme and a cytoplasmic cofactor (Visser et al
1976, Leonard and Rosenberg 19782). Until now no ultimate purification of
the iodothyreonine deiodinating enzyme nor the cytosolic cofactor has been
reported. OQur present knowledge of enzymatic deiodination has gained
widely from the observation that emzyme activity is greatly enhanced by
addition of sulfhydryl group~containing compounds such as dithiothreitol
(DTT) and 2~mercaptoethancl to the micresomal fraction (Visser et al 1976,
Leonard and Rosenberg 19783, Chopra 1978) (see also the section on cofactor
requirements). The exact localization of the deiodinating enzyme is
somewhat controversial. Most studies report on an endoplasmic reticulum
localization (Auf dem Brinke et al 1979, 1980, Fekkes et al 1979, Saito et
al 1980), while another report suggested an association with the plasma
membranes although substantial copurification with marker enzymes of the
endoplasmic reticulum was observed (Maciel et al 1979). The kidney
deiodinating enzyme seems ¢o be associated with the plasma membrane
fraction (Leonard and Rosenberg 19783).

Using a crude microsomal fraction In the presence of DIT it has been
shown that at physiclogical pH T, is converted in roughly equal proportiomns
by 5'-deiodination to T3 or by S-dejodimation to rT, (Visser et al 1979%).

Among the mnative iodothyronines rTy is by far che prefered substrate for
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the deicdinase. It undergoes rapid 5'-deiodination to 3,3'~T2, which is
also produced slowly by 5-defodination of Tq (Visser et al 19792, Leonard
and Rosenberg 1980b, Fig. 3). Studies with cultured rat hepatocytes have
shown that sulfation and deiodination of T3 and 3,3'~T2 are strongly
related processes (Otten et al 1983, 1984, Visser et al 1983b). Inhibition
of the sulfotransferase activity of these cells results in a diminution of
the metabolism of Tg and 3,3'~T, as measured by their disappearance from

the culture medium and 1251_ formation from radiolabeled substrates.
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Fig.3. Comparison of the deiodination of T, 6 or T _ sulfate in rat Liver as a
function of the enzyme concentration (See chapter IV).

Inhibition of deiodinase activity with propylthiouracil (PTU) results in an
increase of sulfated T3 or 3,3'—T2 in the culture medium. The effect of
sulfation was further investigated using synthetic iodothyronine sulfate
esters which were prepared either by reaction with concentrated 32304 or
chloresulfonic acid in dimethylformamide as is reported in chapter III.
Sulfation of Ty results in an increase of the Vinax of approximately 30
times (Visser 1983b). The effect of sulfation on subsequent deiodination
of T, and Ty 1s described in chapter 1IV.  Although T, is normally
converted to both T, and rTy (at pH 7-2), sulfation seems to 1inhibit the
5'-deiodinative pathway to T, sulfate whereas 5-deiodination te rTg sulfate

is greatly enhanced (Fig. 4). The efficiency of the 5—deiodination of T4
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is stimulated 200-fold by sulfation due to en increase of V. with a
concomitant decrease of the K . Table I summarizes the measured kinetic
parameters. of the deilodination of both native and sulfated jodothyronines
by rat liver deiodinase (see also the section on enzyme mechanism).

Nowadays consensus is achieved in that rat liver conrtains a single
enzyme which is involved in 5-deiodination and 5'-deiodination of
iodothyronines, called type I deiodinase. The hypothesis of a single
enzyme was originally based on the equal competitive inhkibition of the
5*'—deiodination of 3',5'—T2 and the 5-deiodinationm of Ty by a series of
iodothyronines and radiographic contrast agents (Fekkes et al 1982b).
Similar results were obtained by Chopra and Chua Teco (1982). Further
arguments for one deiodirating enzyme are the co—purification of both 5~
and 5'-deiodinating activities in a series of chromatographic steps after
golubilization as deseribed in the chapters VII and VIII, and an equal
reaction mechanism (vide infra). Comparison ¢f the 5-deiodination of T4
sulfate and 5'-deiodination of 1T, also strongly suggests that sulfated
iodothyronines are converted by the same enzyme as the native
iodothyronines {chapter IV).

Finally, a wvariety of competitive inhibitors of icdothyronine
deiodinating activity have been reported, mainly compeounds structurally
related to the substrates. These include iodinated radicgraphic contrast
agents (Blirgi et al 1976, Chopra et al 1978%, rekkes et al 1982%), and
halogenated derivatives of the dyes phenolphthalein (Fekkes et al 1982%)
and fluorescein (Ruiz and Ingbar 1982, Mol et al 1984b). The latter may
also give rise to formation of oxygen radicals which lead to oxidative
destruction of iodothyronine substrates or to oxidation of essential amino
acid residues pf the deicdirnase. Furthermore, deiodinase inhibition has
also been reported with pheaolic compounds such as salicylie acid (Chopra
et al 1980), diiodosalicylic acid (Fekkes et al 1982%), iodine—free
polyphenolic plant extracts (Auf'mkolk et al 1984} and the 4-hydroxy
metabolite of propranolol (Jérgensen et al 1984). Inhibition has also
been reported with dicoumarol (Goswami et al 1982) and bilirubin (Fekkes et
al 1982%). A review of the effects of drugs on iodothyronine metabolism in

vivoc has been published (Cavalieri and Pitt-Rivers 1981).
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Effect of sulfation on the kinetic parameters of iodothyronine

deiodination by rat liver microsomes.

. a b
Substrate Reaction Km Vmax Vmax/Km
T4 IRD 1.9 18 9
T4S IRD - 0.3 530 1820
rT3 ORD 0.06 560 8730
rTSS ORD 0.06 516 8600
T3 IRD 6.2 36 6
T3S IRD 4.6 1050 230
a b

pM; = pmol/min/mg protein.

4o

20

cpm x 10

&naMé;\\\\

ettt

I TZS r‘T3S T3S T4S

£Fig.4. aAnalysis of the sequential deiodination of T _ sulfate in rat
Liver by high performance liquid chromatography of e products formed
as a function of the enzyme concentration (See chapter IV).



Enzyme mechanism

The present knowledge about the mechanism of type I iodothyronine
delodination is obtained from experiments with the crude microsomal

fraction since purified enzyme preparations are still not available.

Ta Tz

_PTU_
E-SH E-S| ——=>E-S-S k j/

DTTOX_ DTTred

+|~

Fig.5. Mechanism of the enzymatic deiodination of iIodothyronines in
rai Liver, and inhibition by PTU. The 5'-~delodination of T is shown
as an example.

Analysis of the stimulation of enzymatiec deiodination with DTT as the
cofactor showed parallel lines iIn the Lineweaver Burk plot of 3,3'-T2
formation from rT4 at various fixed thiol concentrations. This suggested a
ping~pong reaction mechanism with rT3 acting as the first substrate that is
converted to 3,3'-T2 with a concomitant generation of a wmodified enzyme
fofm. Reaction of the second substrate, reduced DIT, with the intermediate
enzyme form results in the regeneration of the native enzyme and the second
product, oxidized DIT and I . This is also shown for the 5'-deiodinaticn
of T, to Ty as depicted in Fig. 5 (Leonard and Rosenberg 1978%, 1980%,
Visser 1979). Support for this proposed mechanisu was obtained by studies
with propylthiouracil {PTU), a competitive inhibitor of deiodinase activity
with respect to DIT and an uncompetitive inhibitor with respect to
iodothyronines (Leonard and Rosenmberg 1978b, Visser 1979). Ir has been
shown that thiouracil reacts selectively with sulfenyl iodides (SI) forming
mixed disulfides (Cunningham 1964). The reactivity of PIU towards the

modified enzyme suggests that the latter contains a SI group. This is in

agreement with the mechanism of inhibition by PTU and that of stimulation
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by DIT and it is supported by the observation that covalent incorperation
of labeled PTU into microsomes is stimulated in the presence of substrate
(Visser and Van Overmeeren 1979, Leonard and Rosenberg 1980%). Studies
with selective reagents for sulfhydryl (SH) groups, especially iodoacetate
or N—ethylmaleimide, have indicated the presence of an active site SH group
(Leonard and Rosemberg 19802, Leonard and Visser 1984). It was, therefore,
concluded that the essential SH group probably -acts as an acceptor of the
leaving fodonium ion. In the absence of PTU, the resultant SI group is
reduced to the SH form by DIT (Fig. 5). Other indications for the
catalytic mechanism of iodothyronine deiodinmation by rat liver type 1
deiodinase stem from either modification reactions with the enzyme or from
studies of the structure-activity relations using substrate analogues and
cofactor amalogues. The cofactor requirements will be described in the
féllowing section.

Reaction of microsomes with diethylpyrocarbonate (DEP) results in a
rapid loss of deiodinase activity (chapter V). Inactivation with DEP
follows pseudo first order reaction kinetics. The inactivation reaction is
inhibited by substrate and modified enzyme is reactivated by treatment with
hydroxylamine. The effect of pH suggests the modification of an amino acid
residue with a pX value of 7.3. Together with the observation of a rose
bengal-sensitized photo—oxidative inhibition of enzyme activity the
location of an essential histidine residue at or near the active site is
suggested (Mol et al 19345). It is speculated that this histidine residue
forms a hydrogen bond with the catalytically important SH group- This
would explain the high reactivity of the latter.

Modification of the alanine side chain of iodothyronines shows that the
deiodination of T4 is inhibited with increasing potency when the side chain,
is modified from alanine, to N-acetyl-alanine or to acetic acid (K8hrle
1983). A special case is the Ty analogue N-bromcacetyl-3,3',5-tri-
iodothyronine (BrAcT3) as reported in chabter VI. Incubation of rat liver
microsomes with extremely low concentrations (<1 nM) of BrAcT3 results in
the irreversible loss of deiodinase activity due to covalent binding to the
active site of the enzyme. Apparently, the reactive bromecacetyl group is
in a very close proximity of a nucleophilic amino acid residue In the

enzyme. The reaction of BrAc‘l‘3 with the deiodinase is ‘optimal at pH 7.25



although it is difficult to-interpret the pB profile in terms of the
dissociation of a single amino acid residue.

The effect of PH on the enzymatic deiodination of iodothyronines has
been reported. The 5'-deiocdination has its optimum around pH 6.5 while
5-deiodination is favoured by a slightly alkaline pH of around pH 8
(Kéhrle  1983). The different optimal pH values for the various
deiodinations have been used as arguments to speculate on the existence of
two different deiodinating enzymes, a 5'—-deiodinase and a 5—-deiodinase,
respectively. The latter possibility rejected, it has been suggested that
the direction of the deiodination by a single liver enzyme is determined by
a pH-induced alteration of the binding site for iodothyronines on the
deiodinase rather than by the difference in the pK, value of the phenolic
O~group of the substrates (KShrle 1983). It has been speculated that the
intracellular pH determines whether Ty or rT4 is formed from the prohormone
T, (K8hrle 1983). The esterification of the phenolic COH-group with
sulfuric acid shows that in general the negative charge of the sulfate does
not influence explicitly the direction of the delodination. The
3'-deiodination of 3,3'~T, is stimulated 50 times mainly due to a decrease
in K, whereas the 5-deiodination of Ty is accelerated 40 times mainly as
the result of an increase in V.. (Otten et al 1983, Visser et al 1983b)-
The 5'-deiodination of rT4 is bardly changed after sulfation. Sulfation of
I, results in a 200 fold acceleration of the 5-delodination, chiefly as the
result of an increase in V ., whereas the 5'-deiodimation of T, sulfate is
not detectable (chapter IV). An answer to the question as to how the
5-deiodination and JS5'-deiodimation are regulated has to await the

availibility of pure enzyme and cofactor preparations.

Finally the inhibition of deiodinase activity with thiouracil has been
further investigated using structurally related compounds (Visser et al
1979b, Chopra et al 1982, Harbottle and Richardson 1984). It was generally
found that methylation of the nitrogen atom at position 1 adjacent to the
essential 2-mercapto group prevents the inhibitory activity. Introduction
of a Thydrophobic propyl group at CS or CG stimulates inhibitory activity

approximately 2 times whereas S5-iodo~2-thiouracil is 13 times as potent as

thiouracil (Chopra et al 1982). The goitrogenic drug

24



l-methyl-2-mercaptoimidazole (methimazole) does mnot iInhibit deilodinase
activity due to the introduction of a methyl group on Nq- Non-methylated
analogues of methimazole are inhibitory, greatest effects being observed
with  2-mercaptobenzimidazole (Visser et al 1979b). In general,
modification of iﬁhibiting thiols by the introduction of hydrophilic
substituents reduces the inhibitory potency (Harbottle and Richardson
19843, suggesting that the catalytic center of the deiodinase forms a
hydrophobic pocket which ome would also expect from the hydrophobic nature

of iodothyronines.
Cofactor(s)

Until now the mnature of the cellular cofactor(s) of rat liver
deiodinase is uonknown. The addition of well-known cofactors to the
microsomal £raction like reduced or oxidized nicotinamide adenine
dinucleotides and flavins 1s without effect (Visser et al 19735, 1976,
Hiifner et al 1977, Chiraseveenuprapund et al 1978). Based on the findings
of an essentlal SH group in the active site of liver deiodinase and the
requirement of thiol reductants for enzyme activity, it was postulated that
the most abundunt cellular thiol, reduced glutathione (GSH), would act as
the physiological cofactor. However, incubation of iodothyronines with rat
liver wmicrosomes in the presence of GSE shows no stimulation of
deiodination (Goswami and Rosenmberg 1983%) not even if a GSE regenerating
system is included, consisting of glutathionre reductase and NADPH (Mol,
unpublished results). Addition of GSE or NADPE to liver homogenates of
fasted rats, however, stimulates the deiodination of T, {(Balsam et al
19792, Sato et al 1982). Addition of diamide to cultured rat hepatocytes
causes a 83% decrease of the cellular GSH content by oxidation to GSSG with
a concomjitaat inhibition of the deiodinating activity (Sato et al 1983b).
When hepatocytes are cultured with a cystine and methionine deficient
medium, which results in a 90% reduction of both GSH and GSSG content, no
inhibition of deiodinating activity i1is found (Sato and Robbins 1981b).
When tested with the isolated microsomal fractiom, GSSG inhibits T,
deiodination, probably by formation of ar enzyme—GSH mixed disulfide.

These results, therefore, suggest a regulatory role of the GSH-GSSG ratie
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(Sato et al 19837).

The naturally occurring thiol, dihydrolipoamide (DHL), has been found
to stimulate delodinase activity approximately 6 times as effectively as
DIT in rat kidney microsomes {Goswami, and Rosenberg 1983%). Addition of
oxidized DHL in the presence of NADPH to rat kidney homogenates also
enhances deiodinase activity. However, it is likely that DEL occurs nainly
in a protein-bound form.

As NADPH stimulates deiodinase activity in rat liver homogenates, it is
interesting to consider how electrons from NADPH are transferred to the
sulfhydryl group(s) at the catalytic site of iodothyronine deiodinase.
Recently it has been shown that a cytesolic protein may mediate the
GSH~dependent reduction of rat kidrey deiodinase (Goswami and Rosenberg
1983b). The existence of a number of thiol: disulfide—interchanging
enzymes with broad specificities have been reported (Battelli and Lorenzoni
1982, Eklund et al 1984). One such electron carrier is thioredoxin, a
12,000 dalton protein with two cysteine residues in close proximity which
form a disulfide in the oxidized state (Holmgren 198l). Preliminary
experiments using thioredoxin from E. Coli in the presence of thioredoxin
reductase and NADPE showed no stimulation of microsomal deiodinase activity
{(Mol, wunpublished results). Another interesting electron carrier is
glutaredoxin which may transfer reductive equivalents of GSH te other
enzymes (Holmgren, 1976). In the presence of GSSG-reductase and NADPH,
this system clearly stimulates deiodirating activity although to a limited
extent (Mol, unpublished results).

The concept that the reduction of the deiodinase is mediated by

glutaredoxin or a related protein needs to be fully explored.
Purification of rat liver iodothyronine deiodinase-

In rat liver the deiodinating enzyme is a constituent of the
endoplasmic reticulum (Fig. 6). In order to purify the deicdinase it has
to be solubilized from the membranes of the endoplasmic reticulum using
non—denaturating detergents. It has been shown possible to solubilize

deiodinase activity with the ionic detergents deoxycholate as uvsed for the

kidney enzyme, and cholate as used for the liver enzyme (Leonard and
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Rosenberg 1981, Fekkes et al 1980). The apparent molecular weights of
these preparations amouated to 50,000 and 65,000 dalton, respectively, as
determined by both gel filtration and sucrose gradient centrifugation.
However, these preparations are unstable and enzyme activity rapidly
deteriorates probably due to denaturation and aggregation. Leonard and
Rosenberg (1981l) have demonstrated that this is partially overcome by
addftion of soybean lipids to the dispersed kidney enzyme. Some progress
has been made by Fekkes et al (1983) using the non-ionic detergent W-1
ether. Isoelectric focusing of a W-1 ether extract of microscmes revealed
an iscelectric point near pH 6.4. However, after removal of phospholipids
the W-1 ether-dispersed enzyme concentrated at pH 9.3, showing that the rat

liver deiodinazse is a basic protein. Further purification proved to be
difficult.

\ uc@o@- eHzCHeaun

Flg.6. Purification of rat itiver lodothyronine delodinase.

Renewed investigations into which detergents are useful for subsequent
purification are presented in chapter VII. In order to obtain a stable
enzyme preparation high detergent concentraticns are necessary- 1Lt appears
that the non-ionic detergent Emulgen~91l is most suitable for column
chromatography when used in the presence of 20% glycerol and a minimal NaCl

concentration of 15 mM. Using rat liver microsomes from hyperthyroid rats
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Table Il Characteristics of the pathways of iodethyronine deiodination in the rat

Typel Type 1T Type Il
Deiodination site phenolic and tyrosyk rings phenolicring only tyrosyl ring only
Substrate preference 1> Ty Ty Ts 2 1Ty Ty > Ty
Kinetic pattern ping-pong sequential sequential

K for Ty in microsomal
preparations
Tissue localization

Thiol reductants
Propylthiouracil
lopanoic acid

Hypothyroidism

Fetal/neonatal life

~ tuM(at -5 mM DTT)

highest in diver, kidney and
thyroid, present in many other
organs

stimulatory

inhibitory

inhibitory

reduced activity in liver and
kidney, increased in thyroid
decreased in liver

~ 1 nM{at 20mMDTT)

pituitary, central nervous
system, and brown adipose
tissue

stimulatory

no eflect

inhibitory

increased aclivily

increased in pituitary, complex
in brain

~ 40nM{at S0mM DTT)

central nervous system, eye, and
placenta

stimulatory

no effect

inhibitory

decreased activity, in brain

increased in brain and eye

The identities of the pathways in the thyroid gland, eye and placenta are probable, but not definite. DTT = Dithiothreitol,

Michael M. Kaplan  (1984)



an ultimate purification of about 2400 times is achieved by means of a
variety of chromatographic steps, details of which are presented in chapter
VII and VIII. The thus obtained enzyme preparation is approximately 507
pure but shows to be labile. This may be due to dissociation of subunits
since affinity-labeling experiments with BrAcT; (chapter VI) suggest that
the deiodinase is composed of subunits.

Yodothyronine deiodination in other tissues.

The characteristics of T, and xT4 deiodination in rat kidney are wvery
similar to those of the rat liver enzyme (Kaplan et al 1979). However,
clearly different deiodinase activities are found in other tissues. Until
now three different i1odothyronine dejodinases have been described (Table
I1). The enzyme predominantly found in liver, kidneys and also thyrold
gland d1s called type 1 deiocdinase (D-1). It is characterized by its
susceptibility to inhibition by PTU and - iodoacetate, by the postulated
ping—pong reaction mechanism and by the preference for rT5 as the
substrate. Type II 5'-deiodinase (5'D-IX) is mainly found in the central
nervous system, pituitary gland, brown adipose tissue and placenta (Xaplan
1980, 1984, Melmed et al 1981, Visser et al 1981, 1982, 1983%, Leonard et
al 1983). Type II deiodinase is a specific 5'—deiodinase which requires
high concentrations of DIT im comparison with type I, is not iﬁhibited by
PTU and less sensitive to inhibition with icdoacetate (Visser et al 1982,
1983d). Under the conditioas wused, type 1L deiodinase is also
characterized by low K, and V.. values. Analysis of the enzyme kinetics
suggests a “sequential” reaction mechanism (Visser et al  1982).
Furthermore, T, is the prefered substrate for the type II enzyme.

The third iodothyronine deiodinase is a true 5S-defodinase which only
catalyzes the deiodination of the tyrosyl ring. Type IIL 5—delodinase
(5D-III) is wmainly found in human and rat placentz (Roti et al 1981, 1982,
Fay et al 1984) and in the central nervous system of the rat (Kaplan and
Yaskoski 1980).. It is characterized by iatermediate K values, and 1ir is
not or only little affected by PEU. As proposed for 5'D-II this specifie
5-deiodinase also shows "sequential” reaction kinetics with T4 as substrate

and DTT as cofactor (Kaplan et al 1983).

29



II.C Regulation of deicdimase activity in vivo.
Age related changes in enzyme content

The production of the biologically active thyroid hormene Tg from T, by
type I deiodinase (D-I) as found in liver, kidneys and thyreid, and by type
II deiodinase {5'D-11) as found in the ceutral nervous system, pituitary
and brown adipose tissue depends largely on age, thyrold status, diet and
exposure to a variety of drugs. In this section some remarks will be wmade
concerning the regulation of the deiodinase activity in a variety of
tissues with special emphasis on the contribution by the liver to plasma
T3. The regulation at the level of the deiodinase activities will be
discussed here, although thyroid hormone metabolism may alse be regulated
by changes in the availibility of intracellular hormone through alterations
in plasma binding or in cellular uptake (Hoffenberg and Ramsden 1983, Van
der Heyden et al 19853). The content of D-1 appears to follow a general
maturational pattern for all tissues studied so far. Neonatal rat ldivers
contain low 5'-DI activities which increase with age until an adult level
is attained at 20-30 days of age (KShrle 1983, Sato et al 1983%). o
differences in the development of rat liver 5D-1 and 5'D-1 activities are
detected (KShrle 1983) which is additional evidence that both activities
are intrimsic to a single enzyme (Fekkes et al 1982b). It has been
suggested that the low D-I activity in the fetal and neonatal peried is not
only a function of D-I content but also caused by a reduced capacity of
NADPH to support deiodination in cell homegenates (Sato et al 1983). In
the female rat a significant decrease in hepatic T3 generation is observed
at the age of 30 days which remains constant thereafter at approximately
50% of the value in age-matched male rats. This sex—related difference is
attributed to a decreased enzyme coutent vrather than differences in
cofactor concentrations (Harris et al 1979). 5'D-II activity in the
hypothalamus increases also with age in contrast with 5D-III as umeasured
with T3 as the substrate which has the highest activity in fetal rats and
shows a rapid decline during the first weeks of life (Kaplan 1984, McCann
et al 1984). Similar observations have been made in rat retina during

postnatal development (JXentile et al 1984).
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Thyroid status

It has been shown that the content of deiodinase In the various tissues
depends largely on the thyreid status. In general, D=1 activity in
especlally liver is reduced by thyroidectomy to approximately 30% of the
values found in the euthyroid rat whereas a 2-3 fold increase is observed
in rats injected with T, to render them thyrotoxic (Kaplan 1979b, Balsam et
al 1979b). Results obtained with the microsomal fraction in the presence
of DIT strongly suggest effects on enzyme content (Kaplan 1979b) rather
than changes in cofactor concentrations as proposed by others (Balsam et al
1979b). The effect of hypothyréidism on D~I requires at least a few days
before a decrease will be observed. Similar changes in enzymatic activity
in altered thyroid states have been reported for the kidneys (Kaplan et al
1979, Larsen et al 1981). Interestingly, the D-T of rat thyroid depends on
circulating TSH concentrations (Erickson et al 1982, Ishii et al 1983, Wu
1983). Ten days after hypophysectomy, when T, levels are maintained at
control levels by T4 replacement, no detectable D-I is present in the
thyroid while the liver content remains normal (Erickson et al 1982).
Inhibition of T, producticn by chronic ingestion of methimazole leads to a
concomitant increase in serum TSH and D-I content of the thyéoid. In this
case rat liver D-I levels decrease due to the low plasma T, concentration.

In contrast with the slow adaption of the liver enzyme to an altered
thyroid status, 5'D-II of the cerebral cortex responds rapidly to changes
in thyroid hormone concentration (Leonard et al 1981l). Within 24 hours
after thyroidectomy a 2-4 fold dincrease ia 5'D-IL 1is observed. The
increase in chronically hypothyroid animals is normalized within 4 hours
after injection of T3- It has been shown that in short~term hypothyroidism
(12 days) the augmentation in 5'—deiodination is the result of anm increase
in the specifie 3'-DII enzyme which is insensitive to inhibition by PTU
(Visser et al 1981, 1982). The 5'D-II appears also to be present imn
secretory cells of the pituitary with highest activities in isolated
lactotrophs and somatotrophs and a remarkably lower enzyme level in
thyrotrophs (Koenig et al 1984). The increase in 5'D-II content of the
cerebral cortex and pituitary in hypothyroid rats is achieved by a decrease

in the degradation/inactivation rate rather than by an increase in the
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synthesis of the enzyme (Leomard et al 1984). Conversely, administration
of Tg dnduces an increase in 5'D-II turmover, by an extra—nuclear action
which requires no protein symthesis. This is consistent with reports on a
rapid decrease of 5'D-IL levels after administration of T, or rTj (Silva et
al 1983, Kaiser et al 1984). The 5'D-IL of brown adipose tissue increases
also in hypothyrcidism (Leonard et al 1983).

Finally, the specific 5D-TLI content of the cerebral cortex increases
in hyperthyroid rats and decreases or remains coustant in hypothyroid
necnatal rats (Kaplan et al 1983).

Hormonal regulation of T; momodeiodination.

States of hypoinsulinaemia, i.e. fasting or diabetes mellitus, are
associated with decreased serum T3 conceatrations and elevated 1Ty
concentration in man, the so-called “low Ty syndrome” (Saunders et al
1978). Turnover studies have shown that during fasting serun Tq is
decreased due to lowered production rates, whereas plasma rT3 increases
rather as a result of decreased elimination rates (Suda et al 1978).
Various hypotheses have been put forward to explain the altered production
of Ty namely a decrease in deiodinase content (Balsam et al 1981, Gavin et
al 1981), a decrease in cytosolic cofactor(s) (Balsam et al 1979) or a
reduced - uptake of T, by the liver (Jemnings et al 1879, Van der Heyden et
al 1985). Fasting-induced changes.of Ty and rTy plasma levels are restored
predominantly by refeeding with a carbohydrate-rich diet in the rat (Gavin
et al 1981), indicating a glucose—mediated effect. Studies with rat
hepatocytes din primary culture show that 5'—defodinase activity is reduced
if the GSSG/GSH ratio is increased by diamide. This effect is not seen in
the presence of glucose in the mediunm (Sato et al 1983b). it has been
suggested that glucose maintains enzyme activity by keeping glutathione in
the reduced form, probably cthrough the supply of NADPE as cofactor for
GSSG-reductase. Furthermore, both in vitre (cultured hepatocytes) and in
vivoe administration of Insulin enhances the defodinase activity of the
liver (Sato and Robbins 19812, Loos er al 1984). The findings reported by
Loos et al (1984) strongly suggest that Insulin acts directly on de nove

synthesis of the deiodinase. The alteration in 'I'3 production consequent on
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dietary restriction or diabetes are not mediated by high glucagen levels
{Senga et al 1982, Gavin and Moellef 19832) although glucagon may inhibit
the insulin-mediated increase of deiodimase in cultured hepatocytes (Sato
and Robbins 1981%). Finally, fasting and diabetes are associated with an
increased pancreatic coantent of somatostatin. A continuous somateostatin
infusion inhibits hepatic 5'D-I in a carbohydrate-fed rat and prevents the
normalization of enzyme activity by carbohydrate~refeeding of fasted rats
(Gavin and Moeller 1983b).

Fasting of adult rats vresults in decreased serum T, and TSH
concentrations. Significantly higher 5'—delodination rates in hypothalamie
homogenates are observed in fasted rats (Xaplan and Yaskoski 1982). No
effect was seen either on che 5-deiodinase activity in cerebral cortex and
hypothalamus or omn the 5'—deiodinase activity of cerebrocortical
homogenates (Kaplan and Yaskoski-1982). Also the irabllity of somatostatin
to inhibit pituitary 5'—deiodinase indicates that the 5'D-II deiodinase is
regulated quite differently (Gavin and Moeller 1983b).

Obviously, the low T3 syndrome has a complex eticlogy and may be caused
by tissue specific effects on deiodinase content, cofactor or substrate
availability. Also species differences may exist. When rats are fasted
serum concentratioms of TSH, T, and I, decrease whereas fasting in humans
1s accompanied only by a decrease in serum TS with a reciprocal rise in rT3
concentrations. The rise in serum concentrations of rT;, however, is not

observed in fasting dogs (De Bruijne et al 1981, Laurberg and Boye 1984).

Contribution of 1rat l1iver deiodinase to plasma iodothyronine
concentrations.

In euthyroid rats, PTU reduces the extrathyroidal conversion of T4 to
Iq by almest V0%, stressing the importance of the type I deiodinase of
liver and kidney for maintaining plasma T3 concentrations (Silva et al
1984).  In the hyperthyroid rat the contributions of the PIU-sensitive type
I deiodinase an even be greater. The high specific activity of rat Iiver
deiodinase together with the fact that the Iliver contains a major
proportion of the total intracellular T, pool (Hennenmann 1981) makes it

reasonable that the liver is an important contributor to the circulating
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T3- Circumstantial evidence is further obtained from the observation of
low T3 comcentrations during liver cirrhosis (Chopra 1981). Also in
chronic remal failure reduced T concentratlons are observed (Kaptein et al
19335. However, during hypothyroidism the contribution of rat liver to
serum Ty concentrations diminishes amd almost all circulating T5 in
thyroidectomized vrats may be produced via a PIU—insensitive pathway (Silva
et 21 1984). The contribution of the PTU-sensitive deiodinase of the
thyroid gland to plasma Tq4 concentration during hypothyroidism remains,
however, to be established.

The liver contributes not only to the production of T3, but also
regulates the elimination of iodothyronines from the plasma pool. From
studies using cultured rat hepatocytes it has been shown that elimination
of Ty largely depends on sulfation prior to deiodination. It is,
therefore, suggested that the rate of T disposal may depend predominantly
on enzymatic sulfation. 1t is speculated that the unaltered metabolic
clearance of Ty in cases of the low T4 syandrome may vreflect an intact
sulfation and glucuronidation system. The metabolic clearance of rT3
depends probably solely on deilodination and is consequently diminished if
liver deiodinase activity is impalred. The fact that the production of
plasma rT5 is unaltered after administration of PIU makes it 1likely that
rT3 is mainly derived from 5D-III activities. From the tissue specific
delodinase activities, it 1s suggested that the low T3 syndrome may
especially affect tissues that depend on the plasma T4 conceatration,
whereas the tissues that depend on local conversion of T& to T3 are less

affected.
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CEAPTER IXII

SYNTHESIS AND SOME PROPERTIES OF SULFATE ESTERS AND SULFAMATES
OF IODOTHYRONINES.

Jan A. Mol and Theo J. Visser.

Department of Internal Medicine III and Climnical Endocrinology

Erasmus University Medical School, Rotterdam, The Netherlands.

ABSTRACT

In the present study convenient methods have been developed for the
synthesis of gulfate derivatives of iodothyronines. TReaction with
chlorosulfonic acid in dimethylformamide gave rise to the formation of the
sulfate ester with the phenolic hydroxyl group. Reaction with the
sulfurtrioxide—trimethylamine complex in alkaline medium afforded the
sulfamate with the &f~amino group of the alanine side chain. The sulfated
products were isolated by adsorption onto Sephadex LH-20 in acidic medium
followed by desorption with water. Iodide was not retarded on these
columns while elution of native iodothyronines required alkaline ethanol
mixtures. The vyield of both reactioms varied between 70% and 90%. The
sulfates and sulfamates of thyroxine, 3,3",5-trilodothyronine,
3,3'",5"-triiodothyronine and 3,3'-diiodothyronine could be separated by
reversed phase, high-performance liquid chromatography. The sulfamates
exhibited high cross—reactivities with  antibodies against free
icdothyronines in contrast to the low activities of the sulfates.

Products were further characterized by proton nuclear magnetic
resonance, thin layer chromatography and hydrolysis by acid or sulfatase
activity. The availability of large quantities of pure iodothyronine
sulfates and sulfamates should facilitate the study of the importance of

sulfate conjegation in the metabolism of thyroid hormone.
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The main secretory product of the thyroid gland is the prohormone
thyroxine (T,) (1-3)- In peripheral tissues T, is metabolized by outer
ring deiodination to the biologically active 3,37,5-triiodothyronine (T3),
and . by imner ring deiodination to the inactive 3,3',5'-triiodothyronine
(reverse TB’ rT3). Further stepwise delodination of I, and rT3 leads to,
among other  things, 3,3'-diiodothyronine (3,3"-T,) (4-7). Besides
deiodination, iodothyronimes are also subject to conjugation with either
glucuronic acid or sulfate (8-11). The liver and kidneys are major sites
for these metabolic reactions. Recent work in our laboratory has shown a
close interaction between the sulfation and deiodimation of iodothyrouines
in the liver. Sulfation by cytoplasmic phenol sulfotransferases greatly
enhances the subsequent deiodination of T4 and 3,3‘-T2 by the deiodinase
located in the endoplasmic reticuluvm {12,13). This prompted us to search
for a convenient method for the synthesis of the sulfate conjugates of the
various iodothyronines. Here we deseribe the preparations of the sulfate

ester as well as the sulfamate of these compounds.

MATERTALS AND METHODS
Beagents.

A1l iodothyronines were  obtained from Heaning, Berlin, FRG;
i3',5'—1251}T4, [3'—12511T3 and carrier—free Na1251 were from Amersham, UK.
[3',5'~125I]rT3 and [3'—1251]3,3'-T2'were prepared by radio-iodination of
3,3"-T, and 3-iodothyronine, respectively, with the chloramine~T method and
they were purified on Sephadex TH-20 (14). N-acetyl-iodothyronines were
prepared as described by method B of Cheng et al (15). <Chlorosulfonic acid
(CLSO4H), K,N-dimethylformamide (DMF), acetylchloride, and S04-pyridine
complex were obtained from Merck; S04-trimethylamine complex (S0;~TMA) was
from Aldrich. Sulfatase (from Abalone Entrails type VIII) was cbtained

from Sigma. All other chemicals were of reagent grade.
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Reaction of fodothyronines with different sulfurylating agents.

a. Reaction of iodothyronines with concentrated BZSO& was performed as
described previously (12).

b. Reactions involving chlerosulfonic acid were started by the slow
addition of 200 pl C1804H (15 M) to 800 pl DMF or dioxane at 0°%c. In
another tube a solutioen of usually 100 pmol. unlabeled plus lzslwlabeled
iodothyronine in ammoniacal ethanol was evaporated wunder a stream of
nitrogen. To the residue of the latter tube 200 pl of the C1SC4H solution
in DMF or dioxame was added at O0°C. Subsequently, the mixtures were
allowed to attain room temperature, and, in general, reactions were
continued overnight. After dilution with 800 pl icecold water, reaction
products were analyzed by Sephadex LH-20 chromatography.

c- In the procedure involving 505 complexes, gemerally 100 pul of a
solutien of 2 mg S03-pyridine or S0,-TMA in DMF were added to 100 pmol

unlabeled plus 1251~

labeled jodothyrenine in 100 pl 0.1 N Na0H. The
reaction was allowed to proceed overnight at room temperature or for 1 h at
37°C. After additionm of 800 pl 0.1 N HCl, reaction products were also

analyzed by Sephadex LH~20 chromatography.
Analytical methods.

Because of their increased hydrophilicity the sulfated iodothyronines
were expected to bind less tightly to Sephadex matrices than the native
compounds. Reaction mixtures were, therefore, analyzed by, hydrophobic
interaction chromatography on Sephadex LH-20. The reaction products I,
sulfate ester or suifamate, and native iodothyronine were separated by
successive elution with 0.1 N HC1l, water, and 1 K ammonia in ethanol.

Reversed-phase, high performance liquid chromatography (HPLC) was
performed on a radial-PAK pBondapak C;g column using a Model 60004 solvent
delivery system and monitoring absorbance at 254 nm with a Model 440 f£fixed
wavelength detector (Waters, Milford, MA, USA).

Thin-layer chromatography (TLC) was performed on silicagel 60 F 254
plates (Merck), using as solvent ethylacetate/acetic acid (9/1, v/v).

After the plates were developed they were sprayed with either ninhydrin to
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show a free amino group, or according to Pauly (16) to show a free phenolic
hydroxyl group.

Protom nuclear magnetic resonance (1H~NMR) spectra were acquired on
samples dissolved in NaOD/DZO (pD 10). Spectra were recorded at 200 MHz on
a Nicole NT 200 NMMR-spectrometer,

Cross—reactivities of sulfated iodothyronines in the radioimmuncassays
for the mnative dJodothyronines were assessed using antisera to Ty, I3
(Henning, Berlin), rTq {14) and 3,3'—T2 {(17). Serial dilutions of the
sulfated or mnom-sulfated iodothyronines were Iincubated overnight at room
temperature with 20.000 ¢pm of the corresponding 1231 guter ring labeled
iodothyronine and an appropriate dilutiom of antiserum in 1 ml 0.06 M
barbital/0.15 M NaCl/0.1% bovine serum albumin, pHE 8.6. Antibody-bound
radioactivity was precipitated with second antibody and polyethyleneglycol.

Aeid hydrolysis of sulfated iodothyronines was performed by reaction of
1251 jabeled sulfate derivatives for varying time periods at 379, 50°C or
80°C in 0.1 or 1 N HCl. Reactions were stopped by placing the mixtures on
ice, and hydrolysis was quantitated by Sephadex LH-20 chromatography as
described above. Enzymatic hydrolysis was measured by incubation of
1257 1abeled sulfate derivative at 37°C with 125 ug sulfatase type VIIL in
0.5 ml 50 mM sodium acetate (pH 5.0). After various times the reaction was
terminated by addition of 0.5 ml icecold 1 N HCl, and products were again
analyzed by LH-20 chromatography.

RESULTS

The potential reactions of sulfurtrioxide (80,) or related compounds
with ifodothyronines are depicted in Fig.l (18,19). Since sulfonation of
halogenated benzenes or phenolic compounds requires rigorous conditions,
i.e. high temperatures and SO3 as the sulfurylating agent, it seems
vnlikely to occur under the mild comnditions used here. The reactivity of
805 is moderated by complex formation with a base. With increasing
strength of the base, the stability of the complex increases and its

reactivity decreases (18). Table I shows the results of the reaction of

various sulfurylating agents with native or N-acylated iodothyromines. The
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REACTION OF 5031NFTH THYROXINE

,COO0H
HO 0 CH.-CH
@ 2w,
EEQV !
1. Sulfation e ROSO3H

2. Sulfonation -——p RSO3H

3. Sulfamation —bp RNHSOSH

Fig.1. Thecretical reactions of sulfurtricxide or its organic complores
with thyrozine. The reactions include formation of 1) the sulfate ester,
2) suifonic acid derivatives, or 3) the sulfamate (ref.18).

304-EMA complex reacts in aqueous alkali with the native iodothyronines but
not with N-acetyl iodothyronines indicating that only the amino group of
the alanine side chain is modified by sulfamate formation. Because of the
high stability of the 504,-TMA complex it is usable at the high pH which is
necessary for reaction with a dissociated amino group. At neutral or
acidic pH, or in pyridine/DMF no product formation could be observed at the
use of the SO3~TMA complex. Reaction with the less stable 803-pyridine
coiplex under the varicus conditions yielded also no sulfated products.
Chlorosulfonlc acid dissolved in dioxane or, especially, in DMF reacted
with both native and N-acylated iodothyronines indicating at least the
formation of the sulfate ester with the phenolic hydroxyl group. The
SOa—DMF complex which is probably formed as an intermediate is one of the
most reactive 505 complexes known so far (18). The advantage of the
S05,-DMF complex is that little or no 1251~ 55 formed due to oxidative
breakdown of the iodothyronines din contrast to the methods using
concentrated H,80, or CLSO4H. The latter reactions are difficult to
control, and although some T3 sulfate ester could be sgsynthesized wusing

H,50, (12), reaction of T, with H,50, yielded merely ilodide.
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TABLE I

Reactivity of several sulfurylating agents with native or

N—acetylated iodothyronines.

% product formation with:®

Reagent Solvent T3 T, N—Ac-T3
504~ DMF/0.1 ¥ NaOH 90 90 0
$04~TMA DMF 7 8

504~ DMF /H,0 1 0 N.D.
$04~THA DMF/0.1 N HOAc 0 0 N.D.
SOy-Pyridine DMF/0.1 N NaOH 3 5 0
C1SO4E —_— iodideP iodide iodide
C1504H DMF 90 65 87
ClSO3H Dioxane 14 1¢ 15
4,50, - 40 fodide N.D.

4 Reactions are positive if labeled product can be eluted with
water from the Sephadex LH~20 column. Results are the means of
two closely agreeing experiments each performed in duplicate.

® 1odide indicates the appearance ¢f large quantities of 1234-
in the HCl fraction of the LE-20 column.

N.D. = not determined.
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Fig.2 depicts a typical purification on Sephadex LH-20 of the reaction
products of Ty with the S05~TMA.or thé S0,-DMF complex. With water as the
second solvent, the sulfamates are usually eluted as a broad pesak. In
Fig.2 the elution of the sulfamate is improved by the use of 25% ethanol
without effecting the elution of the native iodothyronine. Both products
and native T4 were further analyzed by TLC. In the system used Tg had an
Rf value of 0.08 and was coloured with both ninhydrif and Pauly reagent.
The product of the reaction of Ty with 305-TM4 had an Rf value of 0.12. It
was coloured by Pauly reagent but not with ninhydrin, indicating a blocked
amino group. The reaction product of Iy with SO4DMF (Rf 0.01) was
ninhydrin-positive but Pauly-negative, showing that only the phenolic
bydroxyl group was blocked. By reaction with the 503-TMA complex the
sulfamates of the various iodothyronines were prepared in a yield of 90%.
The sulfate esters were prepared with the 303—DMF complex in the following
vields (mean of two closely agreeing experiments): 3,37-T, (85%), Ty
(90%), xT4 (70%Z) and T, (85%).

HCI HZO E HCI HZO E HCI 258 E E
277 — .
50
A B C
-
e
x 25
E
-8
L)
9
————p——————y T T
0 8 16 0 8 16 0 -3 16

fraction number

Fig.2. Chromatography of 125[ outer ring labeled T_  before (A) and after
the reaction with the SO _-DMF complexr (B) or the S0, -TMA complex (C).
Reaction mizture B was dituted with 800 pl B _O and reaction mixture € wes
actdified by addition of 800 pul 0.1 N EéL (see Materials and Methods).
Products were appiied to a small 1 ml Sephader LE-20 column. Serial
etution wpas performed with 1 ml Sfractions of 0.1 N BCL, water or Z5%
ethanol in water and !} N ammonia in ethanol.
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The identity of the sulfated products was further substantiated by
proton~fMR of the T, sulfate ester (T45) and of the Ty sulfamate (T3NS)
(Fig.3). It should be noted that the numbering of the protons in Fig.3 is
different from the c¢onventional numbering of the carbons in the
iodothyronine structure. Formation of the sulfate ester with the phenolic
hydroxyl group (T48) leads to a downfield shift from 6.40 to 7.22 ppm in
the signal of the proton H-1 in the ortho position with ninor downfield
shifts of the meta protons H-2 (.55 te 6.78 ppm) and B~3 (6.93 to 7.12
ppm). The chemical shift of especially H-1 is explained by the conversion
of the electron—donating hydroxyl group dinte the electron—withdrawing
sulfate group. In contrast to the sulfate ester, the sulfamate of Ty
(T3NS) shows no chemical shifts of the various ring protons. However, a
dowmfield shift is observed from, 3.28 to 3.71 ppm of proton H-8 on the
of-carbon atom, adjacent to the amino group. Furthermore, the signal of the
protons H-6 and H-7 on the -carbon atom is now split into a doublet in
contrast to the two gquartets as seen In the case of native T3+ The NMR
data, therefore, coanfirm the identity of the sulfated T, derivatives, and
show that no sulfonation did occur by substitution of a ring proton by a

sulfate group.
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£ - =
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Filg.4. Reversed-phase BPLC of a mixz-
ture of the sulfamates of 3,3'~T2, T3,
rT3 and T4, 1! nmol each. Products pere
eluted isccratically with a mixture of
acetonitril and 20 mM ammonium acetate
pPH 4 (30/70, v/v) at a solvent flow oF
2 mi/min. Absorbance was recorded at
254 nm. The peak Az of 3,3"-T2 sulfa-
mate amounted to 0.33 abgorbance units. — .
9 1 2 3 4 5 6 7 & 9 10

L [minutes)
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The sulfate esters and the sulfamates of the various iodothyronines
" were further analyzed by HPLC. Fig.4 depicts the isocratic elution of the
sulfamates with a mixture of acetonitril and 20 mM aﬁmonium acetate, pH 4
(30/70, w/v). The sequence of elution of the various sulfamates was
identical to that of the native iodothyronines although elution of the

larter required a higher acetonitril concentration. In contrast,

o]
rT 305

A 254 nm

T 3OS

Fig.5. Reversed-phase HPLC of a mixtu-
re of the sulfates of 3,3'-T2, T3, rT3
and T4, 1 nmol each.Products were elu-
ted isgocratically with a mixture of
acetonitril and ammonium acetate, pH 4
(22/78, v/v), at a solvent flow oF 2
mil/min. Absorbance was recorded at 254
mm. The peak A4 ” oF 3,3°-T2 sulfate
aster amounted 0.07 absorbance units

TQOS

tR {minutes)

for separation of the various sulfate esters at pH 4 (fig. 3), solvent with
less acetonitril was needed, Indicating that the sulfate esters are less
hydrophobic in comparison with the sulfamates. Notable is also that in the
cése of the suifate esters rTB elutes earlier than T3, in contrast to the
sulfamates and the native compounds. This may be due to the fact that in
rT3 sulfare the most hydrophobic part of the rT3 molecule, i.e. the outer
ring, is made more hydrophilic. With the sulfamate the alteration is
confined te the alanine side chairn where the normally occurring zwitter—ion
1s replaced by a double negative charge at the pH used. The retention time
of the sulfate ester of T3 prepared with the 503—DMF method or with
concentrated #,50, was identical.

We dnvestigated the possibility to regenerate the original
iodothyronines by enzymatic or acid-catalyzed hydrolysis. The sulfate

esters and the sulfamates of the various iodothyronines were almost
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completely (>95%) hydrolyzed by treatment for 1 h at 80°C with 1IN HCl. The
intact structure of the iodothyronine liberated was demonstrated by HPLC.
The susceptibility to acid hydrolysis again shows that no sulfonation has
occurred. Radioclodide production was less than 1%, indicating that
oxidative breakdown was negligible under the circumstances used. The rate
of hydrolysis by 0.1 or 1N HCl at differenrt temperatures or by sulfatase
digestion at 37%C was analyzed by Sephadex LH-20 chromatography. The
results are summarized in Fig.6. The rate of acid hydrolysis of the
sulfamates was dIndependent of the structure of the iodothyroniae. It was
slower than the hydrolysis of any of the sulfate esters, e.g. half the
rate observed with Ty and 3,3'-T, sulfate. Acid hydrolysis of the sulfate
esters of T, and rTy was considerably faster than hydrolysis of T, and
3,3'-T, sulfate. Only the sulfate esters of 3,3'-T, and T, were hydrolyzed

by treatment with sulfatase activity from Abalone Entrails.

109
80

1]

40
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100
80 F
60

4o

t remalnlng sulfale ester or sulfamate

20 +

] 1 2 30 “I 2 5
time {h)

Fig.6. Hydrolysis of ilodothyronine sulfates and sul famates. & ‘tracer
quantity of the various compougds was incubated forothe indicated time
periods with: A&, 0.1 N BCL at 80 C; B, 1 N BCL at 50 C; C, 1 N EL at
37 °c; and D, 250 ug/ml sulfatase in 50 mM sodium acetate, pl 5. The
results are derived from 2 to 3 exrperiments each performed in duplicate.
Depilcted are the means of 3,3'-T,, T,, 7T, or T sulfamate (@), 3,3'-T, or
T. sulfate () eand rT_ or T‘; su%_fate (0'3. Tge variation within +these
groups was lLess than 18%.
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Finally, the dose—-response curves of the sulfated compounds in the
radioimmunoassays for mnative iodothyronines are shown in Fig.7. In
general, the sulfamates exhibit 100% cross—reactivity except that T,
sulfamate shows a somewhat reduced affinity for the T, antibody. Of the
sulfate esters, only rT3 sulfate exhibits a cross—reactivity of
approximately 1% while that of the other sulfates is below 0.1%. It is not
excluded that this low degree of cross-reactivity is due to contamination

with small quantities of non—sulfated iodothyronines.
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Fig.7. Dose-response curves of sutfated itodothyronines in the
radioimmunoassay For the corresponding native itodothyronine. The
displacement of a tracer quantity of tracer ilodothyronine from the antibody
was measured by incubation with serial dilutions of non-iabeled native
iodothyronine ( @) or with the corresponding sulfamate (A) or sulfate
aester (Q). The results are the means of 2 ezxperiments with tuoo
preparations of the various sulfated ilodothyronines. Each expsriment was
performed in triplicate.
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DISCUSSION

We have developed convenlent methods for the syathesis of iodothyronine
sulfates and sulfamates. Both reactions are easy to perform although
especially in the case of reaction with C1SO4H in DMF care must be taken to
avoid high tewperatures which wmay cause oxidative breakdown of the
jodothyronines. The sulfated products are completely separated from native
iodothyronines and iodide by  Sephadex LH-20 chromatography.  The
selectivity of the reactions and the identity of the products are
demonstrated by TLC, HPLC, and lH—NMR- Suppoxrting evidence is provided by
the different susceptibilities of the derivatives to enzymatic and
acid-catalyzed hydrolysis as well as by their discriminating activities in
the radioimmunocassays.

In general, the rate of acid hydrolysis of aryl sulfates is increased
by the presence of electron~withdrawing substituents in the aromatic ring
(19). This is also the case for the sulfate esters of T, and rT5 with two
iodine atoms in the outer ring. They are hydrolyzed about 5 times faster
than the sulfate esters of 3,3'-T, and Ty having one iodine atom in the
outer ring. Enzymatic hydrolysis with sulfatase activity is expected to be
selective for sulfate esters. However, mot only the sulfamates but also
the sulfate esters of rT3 and T4 resist enzymatic hydrolysis, even at
prolonged reaction times. Apparently, steric hindrance by two iodine atoms
in the outer ring precludes the accessibility of the sulfate ester to the
active centre of the sulfatase.

The high cross-reactivity of the sulfamates in the various
radioilmmunoassays 1is explained by the fact that the antibodies have been
raised against iodothyronines coupled via the alanine side chain to a
carrier protein. Such antibodies are not expected to recognize alterations
in this side chain such as those introduced by sulfamation. Since the
outer vring is part of the antigenic determinant, it is mot surprising that
the sulfate esters proved to be poor competitors in each of our
radicimmuncassays. Since lodothyronine antisera are produced according to
the same general principles, the low cross—reactivity of sulfate conjugates
is probably a common property of iodothyronine radiolmmunoassays.

The above findings merit further comments related to clinjeal
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measvurements of native and sulfated iodothyronines. TFirstly, our results
suggest that the possible occurence of sulfate conjugates in the plasma of
patients will =not interfere with the radioimmunoassay of non—conjugated
iodothyronines. Secondly, we have shown that, although the sulfatase
preparation from Abalonme Entrails hydrolyzes the sulfate conjugates of Tg
and 3,3'-Ty, it is ineffective with T, and rTy sulfate. Attempts to
quantitate iodothyronine conjugates by radiocimmunoassay following enzymatic
hydrolysis should, therefore, be interpreted with ‘-caution. This 1is
especially true for those studies where the necessary control experiments
could not be performed because of the lack of standard preparations of the
conjugates (20,21). With the present method large quantities of pure
sulfate conjugates are conveniently obtained.

Previous studies have shown that deiodinationm of Ty and 3,3'-T, by rat
hepatocytes requires the prior sulfaticen of these compounds. Biosynthetie
3,3'-T, sulfate as well as the sulfate esters of 3,3'-Ty and T4 prepared
with concentrated H,80, proved to be much better substrates for the rat
liver ’deiodinase than the native compounds (12,13). In preliminary
experiments, we found that 3,3'-T; and T, sulfate obtained by the present
method using chlorosulfonic acid are equally effective deicdinase
substrates. In additiom, the preparation of the sulfate esters of all
iodothyronines enabled us to study the deicdination of rTq and T, sulfate
which cannot be synthesized with H,80, (22). Deiodination of the various

jodothyronine sulfamates remains to be investigated.
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CEAPTER LV

RAPID AND SELECTIVE INNER RING DEIODINATIOX OF THYROXINE SULFATE
BY RAT LIVER DEIODINASE.

Jan A. Mol and Theo J. Visser

Department of Internal Medicine III and Clinical Endocrineclogy,
Erasmues University Medical School, Rotterdam, The Netherlands.

ABSTRACT

Previous studies have shown that the imner ring deiodination (IRD) of
Ty and the outer ring deiodination (ORD) of 3,3'-diiodothyronine are
greatly enhanced by sulfate conjugation. This study was undertaken to
evaluate the effect of sulfation on T4 and rT3 deiodination. Todothyronine
sulfate conjugates were chemically synthetized. Delodination was studied
by reaction of rat liver microsomes with unlabeled or outer ring
1251 1abeled sulfate conjugate at 37°C and pH 7.2 in the presence of 5 mM
dithiethreitol. Products were analyzed by high performance Iliquid
chromatography or after hydrolysis by specific radioimmuncassays- T,
sulfate (TAS) was rapidly degraded by IRD to rT3 sulfate with an apparent
K, of 0-3 i and a V. of 530 pmol/min/mg protein. The Viax/Kp ratio of
,8 IRD is increased 200-fold compared with that of T, IRD. However,
formation of T, sulfate by ORD of T,S could not be observed. The rTy
sulfate formed 1is rapidly converted by ORD to 3,3'—T2 sulfate with an
apparent K of 0.06 pM and a V. of 516 peol/min/mg protein. The enzymic
mechanism of the IRD of T,5 is the same as that of the deiodination of
non—sulfated iodothyromines as shown by the kineties of stimulation by
dithiothreitol or inhibition by propylthiouracil. The IRD of T,$ and the
ORD of rT3 are equally affected by a number of competitive inhibitors

suggesting a single enzyme for the delodination of native and sulfated
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iodothyronines. In conjunction with previous findings on the deiodination
of T4 sulfate, these results suggest that sulfation leads to a rapid and

irreversible inactivation of thyroid hormene.

In healthy humans, about 80% of the active thyroid hormone T5 is
produced by phenolic ring or outer ring deiodination (ORD) of T, in
peripheral tissues (1-3). A roughly equal proportion of T, is metabolized
by tyrosyl ring or inner ring deiodinatfon (IRD) to bioclogically inactive
rTy- A further metabolite din the stepwise delodination of T, is
3,3'-diiodothyronine (3,3'-T,) which is generated by IRD of Ty as well as
by ORD of rT3. The liver is an important site for these processes, where
the ORD and TIRD of the various iodothyronines are catalyzed by a single
enzyme located in the endoplasmic reticulum (4-6). This enzyme requires
thiocls for activity (7) and is most effective in the ORD of rTq {8). The
liver also metabolizes icdothyronines by conjugation of the phenolic
hydroxyl group with sulfate or glucuronic acid (9-~11). We have recently
shown that the IRD of T4 and the ORD of 3,3'—'I2 in the liver are greatly
facilitated by sulfate conjugation (12,13). A recently developed method
for the cheumical synthesis of pure sulfate esters of iodothyronines (14)
enabled us to investigate the effects of sulfation on the deiodination of

T, and rT4. Here we present the results of this study.

MATERTALS AND METHODS

All iodothyronines were obtained from Henning Berlin GmbH (West Berlin,
West Germany)- {3',5‘-1251]T4, [3'—1251}T3 and carrier-free NaleI were
from Amersham Iaternational (Amersham, TUK)- [3',5'—lzsI]rT3 and
3,[3'—1251122 were prepared by radio-iodimation of 3,3'-T, and
3-iodethyronine, respectively (14). Sulfate esters were prepared by
reaction of iodothyronines with chlorosulfonic acid in dimethyliformamide,

and they were purified by Sephadex LH-20 chromatography (14).

Rat liver microsomes were prepared as described previously (8).
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Deiodination was studied by reaction of microsomes with unlabeled or outer
ring ‘27I-labeled T, sulfate (I,8) at 37°C in 200 pl 0.1 M sodium phosphate
(pE 7.2), 3 oM EDTA and 5 mM dithiothreitol (DTT). Products were analyzed
in differvent ways. Firstly, reactions with labeled T,S were stopped by
addition of 30 pl 10 mM 6-—n-propyl-2-~thiouracil (PIU), and the unextracted
radioactive products were separated by reversed-phase, high performance
liquid chromatography (HPLC) on a Waters Radial-PaAX ClS column. Isocratic
elution was performed with a mixture of acetonitril and 0.02 M aEmonium
acetate, pH 4, (22/78, v/v) a2t & flow of 1.5 ml/min. Fractions of 0.5 min
(750 pl) were collected and counted for radicactivity. Secoandly, reactions
with unlabeled T,3 were terminated by addition of 500 pl 1 N HC1, followed
by treatment for 1 h at 80°C to ﬁydrolyze the sulfated products. After
addition of 550 pl 1 N NaOH, products were estimated in duplicate im 50 pl
aliquots of the resulting mixtures by specific RIA's (8). Products were
not measurable without  hydrolysis, in keeping with the low
crosg-reactivities of the sulfate conjugates in the RIA's (14). Thirdly,
in parallel  incubations 1254 production from [3',5'—12511T45 was
quantitated after addition of 1 ml 1 N HC1I by ion—exchange chromatography
on Dowex 50W-X2 columns {(15). The ORD of unlabeled or outer ring
1251_jabeled rT3 sulfate (rT458) was quantitated in the same way after
hydrolysis with a 3,3'~-T2 RIA or by measurement of the release of
radioiodide by ion—exchange chromatography. The products of T, or rT4
deiodipation were also determined by specific RIA's (8). Protein
determinations were done by the method of Bradford using Dbovine serum

albumin as the standard (16).

RESULTS

Figure 1 shows the effects of incubation time and enzyme concentration
on the formation of deiodination products from T; or I,5 as determined by
RIA. 4s demonstrated previously (8), approximately equal amounts of T, are
converted by ORD to T3 and by IRD to rTy. Little rTy accumulates, however,
as it is rapidly metabolized further by ORD to 3,3'~T2, whereas T3 is

stable in such incubations (Fig. 1, ref. 8).
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outer ring~labeled substrate) are produced in equal amounts. Eventually,
alse the levels of 3,3'-128 reach a plateau while those of 1251_ continue
to increase. Rapid ORD of 3,3'-T,5 has also been observed previously
(12,13). Under all circumstances T4 sulfate (TSS) production was below the
detection limit of the RIA represgutiag less than 0.1% conversion of T,5 by
QRD. As 1s depicted in Table 1, added *T45 was found to undergo rapid ORD
with an apparent Ko value of 0.06 + 0.0l pM and a Vmax of 516 + 70 pmol T8
formed/min/mg protein {(mean + S.E., n=6), which is similar to the
deiodination parameters for noan—conjugated rT4 in the presence of 3 mM DIT.
It is unlikely that the lack of T3S accumulation in reaction mixtures with
T,S is due to rapid further deiodination of this product. The vmafom
ratio of T3S deiocdination is 37-fold lower than that of rT45 delodination
(Table 1). Nevertheless, rTq3 is readily observed as an intermediate in

the deiodination of T&S whereas formation of T3S is not detectable.

TABLE I

Kinetic parameters of the deiodination of native and sulfated iodo-
thyronines by rat liver microsomes and 3-5 mM DIT at pE 7.2 and 37°C.

Substrate Reaction Kma Vmaxb Voax/ Ko Ref.

T, ORD 2.3 30 13 8

T4 IRD 1.9 18 9 8

TS ORD N.D.© this paper
T,5 IRD 0.2% 527 1820 this paper
rTy ORD 0.06 560 8730 8

rI3s ORD 0.06 316 8600 this paper
Ty IRD 6.2 36 -6 8

T38 IRD 4.6 1050 230 10

a ;P pmol/min/mg protein; © not detectable
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Fig.1. Sequential delodination of unigbeled T 2 OF T az a Function oOF
reaction time or emmq concentration. Products were medsured by specific
RIA exzcept for the I production which was quantitated bdy ion-exchange
chromatography after reaction with labeled substrates. The resulis are the
means of four closely agreeing experimenis each performed ?Bstz:ithcate.
Upper panels. Production of r7T.5 (8}, 3,3'-‘1"23 ) anad I (O} from
Q.05 UM T S a3 a fFunction ~of time of incubation with 10 pg microsomal
protein per'ml (left), or as & function of microsomal protsin concentration
with an incubation time of 15 min (right).

Lower panels. Production of rT. 5 (&, Tss (A} and 3,3°-T,S (O} from .5 uM
TS (left), or producticn of rT3 (@, T, (&) and 3,3'-T_ {O) From 0.5 pM T
{right}) as a JFunction oFf mgcrosomai protefin concentration with an
tnecubation time of 15 min.

Not only rhe rate of T, mpetabolism but also the nature of the
deiodination products 1is influenced dramatically by sulfation (Fig.l).

Reaction of T 3 with rat liver deiodinase yields rT,5 as the isitial

product.  Subsequently, 3,3'---"1‘2 sulfate (3,3'-T55) and radioiecdide (from

85



Deiodination products of T,S were also measured by HPLC both before and
after hydrolysis, wusing different conditions for the elution of free and
sulfated iodothyronines. The same results were obtained with either
method, supporting the validity of the measurements done by RIA following
hydrolysis. Figure 2 shows the direct HPLC anmalysis of reaction mixtures
of T,8 with increasing delodinase conceatrations. These results again
clearly demonstrate the transient formatiom of T35 and 3,3"~T,3 with outer

ring-derived i1odide as the end product. Again, no formation of T45 was

observed.
a0 c
m N
1]
- [y
- m 15 0 5 150 5 % 15
»
g b 1234 5
““ d3d 4
n ,hﬁdL_wk__ —Ai\n_]\u_
Q
‘IO 150 5 10 15 D 5‘ 1‘5
retention time (min) -
. . . 125
Fig.2. APLC analysis of the sequential delodinaiion of 0.05 uM I outer

ring labeled T 5 as a Function of microsomal protein concentration,
Products were separated by APLC without prior hydrolysis. Fractions of 0.5
min were collected and counted for radicactlivity. Microsomal protein
concentrations amounted to O (&), 5 (B), 10 (C), 20 (D) or 40 (E) ug/mi.
The Last panel shows the elution positions of the reference compournids I

(1), 3,3'-?&3 (2). rTéS (3), Tss {4) and TQS {5). Data are taken from one
out of three closely agreeing erperiments.

It appears, therefore, that TAS undergoes the following sequence of

deicdination reactiouns: 1) TIRD to rT3S (plus non—radiocactive iodide);

2) ORD of rI3§ to 3,3'-Tp8 plus 1231~ 3y opp of 3,3"-T,5 with
liberation of the second 1251_(refs. 12 and 13).

The kinetics of the IRD of T,S were studied under initial reaction rate
conditions, i.e. short reaction times and low enzyme concentrations.
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Under these conditions further deiodination of rT3S proved to be
negligible. In the presemce ¢f 5 mM DIT the apparent K for T,S amounts to
0.29 + 0.02 pM, with a V... of 527 + 91 pmol rI4S formed/min/mg protein
{mean + S5.E., n = 3). By comparison with the kinetic parameters of the
conversion of T, to rT,, the enhancement of the IRD of T, by sulfation
appears to be due to a 30-fold increase in V. together with a 7-fold
decrease Iin apparent K, (Table 1).

Deicdination of iodothyronines by rat liver deiodinase follows
ping~pong type reaction kinetics with DIT as the cofactor, and is inhibited
uncompetitively by PTU. This is demonstrated by the parallel limes in the
Lineweaver—Burk plot if deiodination of wvarying iodothyronine
concentrations is measured in the presence of different concentrations of
DIT or PTU (153,17-19). There is also strong evidemce that an essential
‘sulfhydryl group of the deiodinase actively participates in the
deiodination reaction. In consideration of the reactivity of thiouracil
derivatives towards sulfenyl iodide (-SI) groups, these findings imply that
in the catalytic cycle an enzyme-SI complex 1is generated which is
subsequently reduced by DIT (15,18,19). Figure 3 demonstrates the
stimulation of the IRD of TAS by increasing DIT concentrations as tested at
a single (0.5 pM) substrate concentration.

Fig.3. Effects of various concentra-
tions 07T or PTU on the T4S IRD. 0.5
pM T4S was reacted with 0.2 pg micro-
somal protein at 37C and pH 7.2 in
the presence of various DIT concen-
traticns (@) or at 5 mM DTT with

L]

\

////’\

\
300 [ 0.
o

200 ~

pmol rT 3slmin.'mg prolein

o]
various concentrations PTU (). 100 b -\\
Products from unlabeled Subsirate -0
were measured after hydrolysis by a ?““‘_—ﬂ"—___“%
specific RIA. The results dare the M PTU
means of 2 experiments. or . .

o 5 10
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Under these conditions deodination rates approach a maximum at 10 mM DIT.
In TFig. 3 1is also demonstrated the dose~dependent inhibition by PIU in
reaction mixtures with 0.5 pM T;5 and 5 mM DIT. Half-maximum inhibition is
observed at 0.5 pM PTU. Figure 4 shows the parallel displacement of the
Lineweaver~Burk plot of the TIRD of T;$ by a decrease in the DIT
concentration from 3 te 2 mM ‘or by addition of 0.3 pM PTU. The
Lineweaver~Burk plot of the ORD of *T48 also wundergoes a parallel
displacement by wvariation of the DTT concentration from 2 to 10 mM as is
depicted in Fig. 5. The parallel lines of the rT3S ORD are also obtained
in the presence of the competitive inhibition by I uM T;, which is stroang
evidence for true ping-pong type vreaction ,kinetics (20). Our rTesults
therefore 1Indicate an ddentical mechanism for the deiodination of free and

sulfated ifodothyronines by rat liver deiodinase.

1

10

£ mM DTT
3]
= A 5
g s /
o +PTU
o e 2
E 6 :AXA /o
£ o//,/” Fig.4, pouble reciprocai plot of the rate of
E 4 @ o T45 [RD versus T4S concentration at 2 mM (@)
n, }(o/ or 5mM (Q) DTT, or at 5 mM DTT in the pre-
- _D.O/ sence of 0.5 uM PTU (A). Products from unla-
2 beolad substrate were measured after hydrolysis
S by & specific RIA. The results are the means
E 0 1 ' 1 14 OF 4 experiments.
=~ 2 4 6 8

(M T,5)7

Previous studies have demonstrated that IRD and ORD of non—sulfated
iodothyronines are catalyzed by a single rat liver enzyme. This was
evidenced, among other things, by the ldentical effects on the IRD of Tg
and the ORD of rTq by a variety of competitive inhibitors (4). Ina
similar experiment the IRT of T,;5 and the ORD of rTy were compared- Care
was taken to avoid photodynamic degradation of substrate especially in the

case of Rose Bengal by incubation in the dark (21). The results (Fig. 6)
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Fig.5. Double reciprocal plot of the rate of rT S ORD wversus rT.S
concontrations at Z mM (), 5 mM (A) or 10 mM (@) Sﬂ‘ in the absence gr
gfgsence of 1 pM T A (open symbols). Radicicdide produced by ORD of

[-labeled substrate was quantitated by Ilon-exchange chromatogrephy. The
resulis are the means of two closely agreeing experiments, each performed
in triplicate. Regression Llines were calculated by ithe method of least
squares applied itc unweighted means.

50

% inhibition TqS—rT3S conversion

0 50 100
% inhibition :"'1'3—T2 conversion

Fig.6. Corretation betuween the inhibition of rT, CGRD or T S IRD by vwarious
substances. Reactions of 0.05 uM z"I'3 or ¢.15 p.g '1" S with o 4 ug micresomal
protein were carried out in the absence or prasence of 1 pM dJiilodotyrosine
(1), 3,5-alttodothyronine (2}, tLopanoic acta (2), T4 {4), diitocdosallcylic
actd (5), bromothymol blue (6), bromophenol blue (7) or rose bengal (8).
ORD of 17T was quantitaeted by 2,3'-T, RIA and TRD of T4s by summation of
r’1'3 and 3,3 -Tz measured by RIA Following hydrolysis.
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show that wvarious substances have equal inhiblitary effects on these two
reactions. The IRD of labeled T;S is also inhibited 90%Z by 1 pM T3 as
observed by HPLC analysis {(not shown). These findings are compatible with
the hypothesis that Ilodothyronines and their sulfate conjugates are

substrates for IRD and ORD by a2 single liver enzyme (12,13).

DISCUSSION

Our findings demonstrate that sulfation preveats the ORD but
facilitates the IRD of T,. A similar facilitory effect of sulfation on the
delodination of iodothyronines has previocusly been observed for the IRD of
Ty and the ORD of 3,3"-T, (12,13). As concluded from the Viax/ Ky Tatio's
for the different reactions, the efficacy of the IRD of T¢ and that of T,
are increased 200~ and 40-fold, respectively (Table 1). To our knowledge,
ORD of rT3 is the most efficient reaction catalyzed by rat liver delodinase
(Table 1). The effect of sulfation on the IRD of 'I‘4 may be owing to a
closer approach of the inner ring to the catalytic sulfhydryl group of the
enzyme in a way that resembles the preseantation of the outer ring of rT5-
In this configuration the outer ring of T4S may then be inaccessible for
deiodination. For reasons yet unknown, sulfation does not influence the
ORD of ri;.

The physiological importance o¢f the effects of sulfation on the
deiodination of 14 depends on the extent to which T, is sulfated in vivo.
In normal rats, equilibrated with "+ I-labeled T,, about 50% of the
radicactivity appears din the urine as 125I— and 50% is excreted with the
bile mainly as glucuronic acid or sulfate conjugates (10,22). When in such
rats deiodination is inhibited by administration of PIU or buryl
4—hydroxy-3,5-diiocdobenzoate, there is a striking increase in biliary
disposal comcomitant with the decrease of radiocactivity in the urine
(11,23,24). However, biliary excretion of material with characteristics of
T,8 is increased disproportiomately in comparison with that of T,
glucyronide, i.e. from 10 to 30% of the T, gluronide excretion, following
the administration of these inhibitors (11,23). Formation of T, sulfate
has also been observed with cultured rat hepatocytes, especially when

deiodinase activity is saturated or iphibited with PTU (9). It is not
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clear yet which sulfotransferases are responsible for the sulfation of T,
(25).

The present paper is the first report on the use of pure synthetic TyS
in the investigation of its metabolism. The results indicate that if TAS
is produced in vive it would be difficult to detect unless its deiodination
is blocked, for iastance with PTU. Thé availability of standard T,S
preparations should facilitate further investigations of the role of
sulfation in the overall metabolism of T,.

In conclusion, sulfation of the phenolic hydroxyl group of T, leads to
a dramatic increase in the production of metabolites that are biologically
inactive. At the same time, the activating pathway to T3 is blocked.
Together with our observation of a rapid degradation of T,;5 (12,13), these
results suggest that sulfation is an important step in the termination of

thyroid hormone activity.
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CBEAPTER V

MODIFICATION OF RAT LIVER IODOTHYRONINE 5'-DEIODINASE ACTIVITY WITH
DIETHYLPYROCARBONATE AND ROSE BENGAL; EVIDENCE FOR AN ACTIVE SITE
HISTIDINE RESIDUE

Jan A. Mol, Roel Docter, George Hennemann and Theo J. Visser

Department of Internal Medicine ITI and Clinical Endocrinology,

Erasmus University Medical School, Rotterdam, The Netherlands

ABSTRACT.

Todothyronine 5'-deiodinase activity of rat liver mnicrosomes was
rapidly and completely lost by treatment with diethylpyrocarbonate (DEP)
and by photo—oxidation with Rose Bengal (RB). In both c¢ases inactivation
followed pseudo first order reaction kinetics. Inactivation by DEP was
diminished in the presence of substrate or competitive inhibitors, and was
reversed by hydroxylamine treatment. In addition to photo-oxidation,
deiodinase activity was also inhibited by RB in the dark. This dinhibition
was vreversible and competitive with substrate (Ki 60 nM). These results
suggest the location of an essential histidine residue at or near the

active site of rat liver jodothyronine deiodinase.

Enzymatic 5'—deiodination of thyroxine (TA) in -peripheral tissues is
the major pathway for the production of the biclogically active form of
thyroid hormone, 3,37,5-triiodothyronine (Tjy) (1,2). The 5'-deiodinase
activity of the 1liver and the kidneys is assoclated with the microsomal
fractions of these tissues. It prefers 3,3".,5'-triiodothyronine (reverse

T3, rT3) as substrate, and requires the reductive equivalents of thiols,
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e.g. reduced glutathiome, mercaptoethanol and dithiothreitol (DIT) (3-6).
Deiodination is inhibited by sulfhydryl (SH) group—blocking agents such as
N—ethylmaleimide, p—chloromercuriphenylsulfonic acid and especially
iodoacetate, suggesting the barticipation of an enzyme SH group in the
catalytic process {5). This is substantiated by the findings of potent and
uncompetitive inhibition of deiodination by thiouracil derivatives,
compounds known to react with sulfenyl iodide groups (7,8). Supposedly,
the enzyme SH group acts as an acceptor of the 5'-iodine atom.

The nucleophilicity of catalytically active enzyme SH groups is often
increased by hydrogen bond formation with the iImidazole group of a
neighbouring histidine (His) residue (9). Ia this study we investigated
the possible presence of an essential His residue in the deiodinase of rat
liver microsomes using two Hié—selective reagents. At meutral or near
neutral pH, limited reaction of proteins with diethylpyrocarbenate (DEP)
leads to the preferential modification of His residues forming the
Nimhcarbethoxy derivative (10). However, especially at alkaline pH DEP may
also react with lysine and cysteine residues, but only carbethoxylation of
His is reversible with hydroxylamine (10~153). Another approach to
modification of His residues is photo-oxidation sensitized by Rose Bengzl
(9,12,15). Compared with other susceptible residues reaction with His is
favoured by complex formation of the anionic dye with -the protonated
imidazole group. The results of the present study, employing both DEP and
RB, indicate the presence of an essential His residue at or near the active

site of the iodothyronine deiodinase of rat liver.

MATERIALS AND METHODS.

Reverse Ty and 3,3'=diicdothyronine (3,3'~T2) were obtained from
Henning, Berlin, FRG; DEP from Aldrich; RB from Kedak-Eastman; iopanoic
acid (I0P) £rom Sterling—Winthrop, -Amsterdam, The Netherlands; and
carrier-free Na 1251 from Amersham. {3',5‘—125I}rT3 was prepared by
radiciodination of 3.3'-T, with the chloramine-T method and purified on
Sephadex LH-20 (16). All other reagents were of the highest qualicty

commercially available. Rat liver microsomes were prepared in 0.15 ™
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sodium phosphate (pH 7.2), 3 =M EDTA and 3 mM DIT, essentially as
previously described (17). Protein was measured according to Bradford

using bovine serum albumin as the standard (18,19).
Enzyme modification with DEP.

DEP was dissolved and diluted to the desired concentrations in absolute
ethanol.  The actual DEP concentration was determined by reaction of 10 nul
aliquots with 1 ml 0.1 M His 4in 0.1 M sodium phosphate (pH 6-.0). From the
increase in absorbance at 240 nM the DEP concentration was calculated using
a molar extinction coefficient for Nim—carbethoxy—ﬂis of 3200 15'1-1-cm_1
(20). Protein modification was carried out by reaction of 10 pl DEP in
ethanol with 140 pg of microsomal protein im C.5 ml 50 mM sodium phosphate
(pE 6.5 unless stated otherwise), 1 mM EDTA and 1 mM DTT, at 21C. After
various times the reaction was stopped by quenching 50 pl aliquots of the
mixtures im 150 pl 0.1 M Eis in 0.1 M sodium phosphate (pH 7.2), 3 mM EDTA
and 3 wM DTT. In comtrol incubations DEP was added to microsomes diluted
in quench ©buffer. At the concentration of 2 %, ethanol did not affect
enzyme activity. Protection against carbethoxylation by substrate or
competitive inhibitors was investigated by preincubation of microsomes with
these substances for at least 5 min prior to addition of DEP.
Reversibility of DEP inhibition was tested by incubation of carbethoxylated
microsomes for 1 h at 21C with 0.3 M NH,0H in 0.1 M sodium phosphate (pH
7.2), 3 mM EDTA and 3 mM DTT.

Photo—oxidation with RB.

Microsomal suspensions containing 1.4 mg protein per ml 0.15 M sodium
phosphate (pH 7.2), 3aM EDTA and 3mM DIT, were irradiated in the presence
of the indicated concentrations of RB. Irradiation was done for various
times at 21C in polypropylene tubes placed at 10 cm distance from the lens
of a slide projetor equipped with a 300 W lamp. To correct for reversible,
competitive inhibition by RB, control incubations were carried out in the

dark. Irradiation in the absence of RB did not affect enzyme activity.
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Yodotbyronine 5'—deiodination assay.

Appropriate dilutions of the inactivation mixtures (2-3 pg mnicrosomal
protein) were incubated for 10 min at 37C with 0.1 pCi 3'251—1"41?3 and 0.5 pM
unlabeled rTy in 0.25 ml 0.15 M sodium phosphate (pH 7.2), 3 =M EDTA and 3
mM DIT. The reaction was stopped by additiom of 0.25 ml human serum, and
the tubes were placed on fice. Serum protein—bound iocdothyronines, i.e.
substrate T4 and product 3,3'-T, were piecipitated with 0.5 ml 10%
trichloroacetic acid. Production of iodide was calculated from the
radicactivity measured ia 0.5 ml of the supernmatant after centrifugation
for 10 min at 1500 x g. The results were corrected for non—enzymatic
deiodination as assessed in enzyme—free incubations, and multiplied by two
te account for the equal distribution of the 1251 label among the products
3,3'-T5 and I". Jdentical results were obtained if deiodinase activity was

measured by quantitatiom of 3,3'-T, production from unlabeled xT; with a

specific radioimmuncassay (2).

% remaining activity

¥ T “—

0 2 3 6
time, minutes

Fig.1 Inactivation of rT3 5'-delodinase activity by reaction of rat Liver
microsomes for warious times at pH 6.5 and 21C without () or with 0.3
(Q), 0.6 (@), 1.2 (A) or 3 (A} mM DEP,
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RESULTS
Reaction with DEP.

Incubation of rat liver microsomes with millimolar concentrations of
DEP at 21C resulted in a rapid loss of 5'—deiodinase activity. The time
course of enzyme inactivation by different DEP concentrations at pH 6.5 is
shown in Fig. 1. Inhibition by DEP followed pseudo first order kineties
during the first 6 min of reaction. The rate of inactivation was also
determined over the pH range 6.5 - B.5 (Fig. 2). 3Between pH 7.2 and 7.8
there was a sharp increase in the rate of enzyme imactivarion by DEP to
remain constant thereafte?. Plots of inactivation rate constants as a
function of DEP concentration were lineair (Fig. 3) and yielded second
order rate constants for the simple bimolecular reaction of DEP with
enzyme. Values for the second order k amounted to 40 M tamin L at pH 6.5 and

530 M lnin™t at pH 8, corroborating the pH profile shown in Fig. 2.

100 -
Ap—-——-_._qk\\\\
5. 804 A
=
2
8 604
o —_———p
c
£ )\ _o—2
‘T 40 L Y
£
Q
}
o
20
o T r -
6.5 7.0 7.5 8.0
pH

Fig.2 Inactivation of rT3 5’'-delodinase activity by DEP or RB-induced
photo-oxidation as a function of pH. The percentage remaining activity was
dotermined after reaction of rat liver microsomes for 2 min with 0.6 mM DEP
( A) or after photo-oxidation for 4 min with I pM RB (®).
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Fig.3 First order rate constant (k) of inactivation of rT3 5'-deiodinase
activiiy by DEP as a function of the DEP concentraticon at pH 6.5 (§ ) or pH

8.9 (O).

TABLE I

Reversal of DEP inactivation of 5'—deiodinase activity by hydroxylamine

DEP concentration % rem2ining activity before and
(M) after tratement with NH,OH
BEFORE AFTER

0.0 100 100

0.6 ‘ 74 93

1.2 38 90

3.0 13 55

6.0 5 23
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Fig.4 [rnactivation of rT13 §'-delodinase activity by reaction of rat Liver
microsomes for various times at pH 6.5 and 2IC with 6 mM DEP in the absence

{ Q) or the presence of I uM RB (@) (Iln the dark) 2 uM rT3 (A) or 2 uM
orP (w).

Carbethoxylated microsomes were treated with 0.5 M NHZOH to exclude the
possibility that inactivation was due to reaction of DEP with lysine or
cysteine residues. Table I demonstrates that, especially after limited
reaction with DEF, NH,0H treatment resulted in substantial recovery of
deiodinase  activity. To  localize the  residue(s) subject to
carbethoxylation, reactlon with DEP was carried out in the presence of 2 pM
rTy4 or IOP ox 1 pM RB. The concentraticm of these compounds carried over
from the preincubation mixtures were insufficient to affect enzyme activity
in the subsequent assay. This was substantiated in appropriate control
experiments. Fig. 4 shows that the substrate and both competitive

inhibitors provided partial protection against inactivation by DEP.

Reaction with RB.

Deiodinase activity was alsc strongly inhibited by photo—oxidation
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sensitized by low concentrations of RB. Direct addition of RB to the
deicdinase assay wmixtures, incubated in the dark, also resulted in
inhibition of enzyme activity. This inhibition was reversible by simple
‘dilution, and Lineweaver-Burk analysis of the data demonstrated that RB was
a2 competitive dimhibitor with a K; value of 60 nM (not shown). Care was
taken, therefore, that following photo—oxidation mixtures were diluted
sufficiently as to prevemt “dark™ inhibition by RB in the deiodinase assay.
At the concentrations of RB used in the preincubations no effect on enzyme
activity was observed without irradiation. The semilogarithmic plots of
the percentage enzyme activity remaining as a function of time of
irradiation at different RB concentrations were lineair (Fig. 5), showing

that photo~ozidation follows pseude first order kinetics.

100
80

60

10

% remaining activity

20

) T T T T

0 2 4 6 8 10
time, minutes

Fig.5 [mactivation of rT? 5'-detodinase activity by irradiation of rat
1iver microsomes for varicus times at pH 7.2 and 2IC in the absence () or
the presence of 0.1 (Q), 0.3 (@), 0.5 (A), 1 (A) or 2 ([J) M RB.

From the lineair replot of the inactivation constants versus RB
concentration, the second order rate constant was calculated as 125
M min~l.  To prevent the possible modification of cysteine and methionine
residues, 3 mM DIT was usually included in the reaction mixtures. It was

found that 5 mM DIT and 5 mM sodium azide provided only 40-50% protectiecn
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rapid release of labeled iodide from the outer ring. Destruction of
substrate did not occur in the dark. This phenomenon Interfered with the
test of the possible protective effect of substrate and other halogenated
compounds against enzyme inactivaticun by RE-. Only a high concentration of
I0P gave partial protectiom, and degradation of I0P in the reaction
mixtures seems likely.

b. In the dark controls we observed competitive dinhibition of
deiodinase activity by RB that reflects the structural relationship with
iodothyronines as 1is the case with phenolphthalein dyes (24).
Interestingly, the Ki for RB (0.06 pM) is less than the Km for rT3 (0.1
ul), making RB one of the most potent inhibitors of deiodination.

¢. Photo—oxidation reactioms can proceed by two distinct mechanisms.
Type 1I mechanism 1is that 1in which the energy of the sensitizer is
transferred to molecular oxygen producing singlet oxygen (102) (25,26).
102 is the reactive species in enzyme inactivation by the type II
mechanism. As compared to other dyes, RB and the frequently wused dye
methylene blue, give rise to high 102 production rates (25), which may be
quenched by scavengers such as azide and DIT (25,26). Since the present
experiments were carried out in the presence of DIT, inactivation must have
taken place by a mechanism other than via production of 102.

d. In the type I mechanism there is a direet reaction of triplet
sensitizer with susceptible residues in the enzyme, followed by reaction of
these residues with molecular oxygen. Inactivation by RB was slightly
faster below pH 7 possibly due to complex formation of the anfoniec dye with
a protonated His residue. It is expected that such complex formation is a
saturable reaction at conceatrations above the X value for RB (60nM).
Saturation of RB—induced photo—oxidation, however, was not observed. This
may¥ be caused by the use of high microsomal protein concentrations
resulting in a lowexing of the free RB concentration for interaction with
the enzyme.

In conclusion, the present study suggests that there is an essential
His residue in the active site of rat liver iodothyronine deiodinase. It
is speculated that this residue forms a hydrogen bond with the
catalytically important SH group, resulting in an increased anucleophilicity
of the latter.
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CHAPTER VI

INACTIVATION AND AFFINITY-LABELING OF RAT LIVER IODOTHYRONWINE
DETODINASE WITH N—BROMOACETYL-3,3',5~TRILODOTHYRONINE.

Jan A. Mol, Roel Docter, Ellen Kaptéin, Godfried Jansen,

George Hennemann and Theo J. Visser.

Erasmus University Medical School, Rotterdam, The Netherlands.

ABSTRACT

The thyroid hormone derivative N-bromcacetyl-3,3',5 -triiodothyronine
(BrAcT3) acts as an active site—directed iphibitor of =rat liver
iodothyronine deiodinase. Lineweaver Burk analysis of enzyme kinetic
measurements showed that BracT4 is a competitive inbibitor of the
5'—deiodination of 3,3%,5" ~-triiocdothyronine (rT3) with an apparent K;
value of 0.1 aM. Preincubations of enzyme with BraeT, indicated that
inhibition by this compound is irreversible. The inactivation rate ‘obeyed
saturation kinetics with a limiting inactivation rate constant of 0.335
min_l. Substrates and substrate analogs protected against inactivation by
BracTs- Covalent  incorporation  of  12°I-labeled Bracly imto
"substrate—protectable™ sites was proportiomal to the loss of .deiodinase
activity. The results suggest that BriAcTy is a very useful affinity label
for rat liver iodothyronine deiocdinase.

Active site—directed reagents have provided information about the
catalytic mechanism of type I jodothyromine deicdinase that occurs in rat

liver and kidneys. Enzyme activity 1s associated with the aicrosomal
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fraction of these tissues and catalyzes the 5'—deiedination of thyroxine
(T4) to the biologically active 3,3",5~iriiodothyronine (T4) as well as the
S-de;odination of T, to the inactive 3,3',5'-triiodothyronine (reverse T3,
rT3) (1-4). Both Ty and ¢T3 are further dejodinated to
3,3'-diiodothyronine (3,3'—T2) by type I deicdinase. The enzyme requires
the reductive equivalents of thiols such as dithiothreitol (DIT) {5,6), and
it exhibits optimal activity in the 5'-deiodination of zTq (3,7). The
5-deiodination of T, and T4 is greatly facilitated by sulfatlon of the
substrates (8,9).

Studies with iodoacetate and N-ethylmaleimide indicate the presence of
an essential SH group inm the active site of type I deiodinase (10-12).
Apparently, this SH group acts as an acceptor for the ledinium ion from the
substrate as evidenced by the uncompetitive inhibition by
6-propyl-2-thiouracil (PTU), a selective reagent for sulfenyl iodide (8I)
groups (5,6). Modification with diethylpyrocarbonate or Rose Bengal
suggests the location of an essentjal histidine residue at or near the
active site (13).

In the present study the use of N—bromoacetyl—T3 (BrAcT3) as an
affinity label of type 1 delodinase is investigated. In contrast with
reports on the reaction of N-bromoacetyl derivatives of I3 and T, with the
rat liver npuclear receptor (14) or with human thyroxine bindiang globulin
{15) and human thyroxine binding prealbumin {16), the reaction with the rat
liver delodinase is extremely fast, indicating a very close interaction of
the N-bromoacetyl side chain with a nucleophilic amino acid residue in the

enzyme.

MATERIALS AND METHODS.

T4 TT3, Ty and 3,3'—T2 were obtained from Henning, Berlin, FRG;
bromoacetyl chloride and bromoacetic acid from Aldrich; acetyl chloride
from Merck; bromothymol blue from BDH; 3,5-dijodosalicylic acid and DTT
from Sigma; and iopanoic acid from Sterling Winthreop Laboratories (New

York, NY). T, sulfate was prepared as described elsewhere {9)-

[3"1251]T (> 1200 pCi/pg) was purchased from Amersham. TRat liver
3 P
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microsomes were prepared as described previously (3). Protein was measured
according to Bradford using bovine serum albumin (BSA) as the standard
(17).

Syanthesis of N-bromoacety1¥r3-

BricT; was synthesized as described by Cheng et al, method B (16). In
short, 100-500 mmol unlabeled plus *2I-labeled Ty were dissolved im 20 ml
dry ethylacetate. After additiom of 10 pl (12 ymol) dromo acetylchloride
the mixture was refluxed for 45 min. The ethylacetate was evaporated under
reduced pressure and the residue was dissolved in 20% ethanel in 0.1
N NaQOH. The solution was acidified with 1 N HC1 and subsequently applied
to a small 1 ml Sephadex LH-20 column. After washing the column with
water, BrAcT; was eluted with 100% ethanol and stored at -20°C. The purity
was checked by thin layer chromatography according to Cheng (16) or by
reversed—phase high performance liquid chromatography on a pBondapak Cl8
column wusing a mixture of wmethanol and 20 oM sodium acetate, pHS
(55/45,v/v), at a solvent flow of 1.5 wl/min. Under these conditions
BrAcT, and T3 eluted with retention times of 4.8 and 5.9 min, respectively.
Yields were typically over 90%. N-acetyl-T, (AcT3) was synthesized in the

same way by the use of acetyl chloride.
Iohibition of enzyme activity with BrAcky, AcIy or bromoacetate.

Deiodinase (0.7 pg microsomal protein) was reacted for 10 min at 37%
with 0.1 pM rTy and increasing comcentrations of the inhibitors in 200 pl
0.2 M sodium phosphate (pH 7.2), 4 mM EDTA and 5 mM DTT. The reaction was
terminated by the additiom of 1 ml ©.06 M barbitone buffer (pH 8.6)
containing 0.1% (w/v) SDS and 0.1% (w/v) BSA. The amount of 3,3'—T2
produced was measured in duplicate with a specific radioimmuncassay (3).
For the determination of the inhibition constant ¥i a similar experiment
was done with varying (0.05-2 pM) rTq concentrations and a fixed inhibitor
concentration. The inactivation rate was determined by preincubation of
microsomes (7 pg protein/ml) at 37°C with several concentrations BracTy

(0.1-2 nM) in 100 pl 0.2 M sodium phosphate (pH 7.2), 4 uM EDTA and 5 aM
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DIT. At wvarious times the femaining activity was determined by addition of
200 pl 10 pM rT4 in the same buffer and further incubation for 10 min at
37°C. In control experiments microsomes were added to the mixture of 10 oM
rT, and the appropriate dilution of BrAcT3- Protection by substrate or
analogous compounds against inactivation by BrAcTB was determined by
preincubation of microsomes for 5 min at 21°C with 0.2 nM BracT; im the
absence or presence of 1 pM test substance. The remaining activity was

determined at 37°C as described above.
Binding of [125I]BrAcT, to microsomes.

The specific incorporation of BrAcly was determined by incubation of
microsomes (13 pg/ml) with 0.2 oM 125I-labeled BrAcT, (50.000 cpm) in 400
ul 0.2 M sodium phosphate (pH 7.2), 4 mM EDTA and 5 mM DTT at 21°C with or
without 10 pM diiodosalicylic acid. At various times the incubation was
stopped by the addition of 0.5 ml 1% BSA in 150 uM NaCl immediately
followed by 2 ml acetome. The difference in precipitated radioactivity
between reactlions in the absence or the presence of diiocdosalicylic acid
was assumed to represent specific. incorporation of [125I]BrAcTy in the
deiodinase. Under identical circumstances the decrease in enzyme activity

was determined.

RESULTS.
Inhibition of rat liver deiodinase with BrAcTy, AcTy and bromoacetate.

Addition of increasing concentrations of BrAcT3, AcTq  or bromoacetate
resulted in a progressive inhibition of the deiodination of a
nen~saturating concentration of rTy 25 assayed at 37°C and pH 7.2 (Fig.1).
Half-maximum fnhibition was obtained at 0.1 oM BrAcT3, 0.1 pM AcTy and 1 pM
bromoacetate. Lineweaver—Burk analysis demonstrates that in coincubations
with substrate both BrhAcly and AcT4 behave as comperitive inhibitors with
apparent K, values of 0.1 nM and 0.08 pM, respectively (Fig.2). The K,

value of 0.09 pM with a Voax ©f 830 pmol 3,3'-T, formed/min/mg protein for
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TTg 5'-deiodination are in close agreement with values vreported earlier
{(3). In TFig.3A the time course of enzyme inactivation is shown when
nicrosomes are preincubated with different concentrations BrAcTye. Only
during the first twoe min the inactivation of the deiodinase by BracTy
follows pseudo first order kinetics with rate constants that depeand on the
inhibiter concentration. If BrAcTy is an active site—directed inhibitor,
it may be assumed that the nom—covalent enzyme—inhibitor complex E<I is an
intermediate in the formation of the covalent complex E-I that is
accompanied by the irreversible loss of enzyme activity:
E+ 1T =§%; E-I —EQ—E—I- According to Kitz and Wilson the kinetics of
inactivation are govermed by the equation llkapp = Ki/(k3I) + 1/k3 (18).
Figure 2B is a double~reciprocal plot of kapp versus the BracT,
concentration. Obviously, inactivation by BracTg obeys saturation kinetics
with values of 0.2 nM for the equilibrium dissociation constant Ky and 0.35

min~! for the limiting rate constant kq.
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Fig.3A [nactivation of r73 5'-delodinase acttvigy by reaction of rat Lliver
microsomes for varilous times at pH 7.2 and 37 ¢ without ([J) or with 0.02
(®), 0.05 (G), 0.10 (A), 0.20 (A) or 0.50 (B) nM BracT3.

38 Double-reciprocal plot of the Ffirst order rate constant (kapp)
versus the concentration of BracTs.

80



160 -

8¢

60

% inaclivation

20 |

13
@
~
©

w

Fig.4 [nactivation of rT3 5'-delodinase activity by BracT3 as a function of
PH. oPreincubation with or without 0.2 nM BracT3 was carried out for 5 min
at 21 C in 0.05 M sodium acetate (pH 5-6), sodium phosphate (pH 6-8) or
sodium borate (pH 8-9) containing 4 mM EOTA and 5 mM DTT. The remaining
activity was determined as described under Materials and Methods at pE 7.2.

Figure 4 depicts the pH dependence of the rate of inactivation by
BracTg over the pH range of 5 to 9. The inactivation is clearly optimal at
pH 7.25 and rapidly diminishes at inereasing pH values. A slower decline
in the inactivation rate is observed with a decrease in pH. Evidence for
the reaction of BricTg with an amino acid residue at or mnear the active
site was obtained by Investigation of the effects of various substrates or
competitive inhibitors on the inactivation rate (Table I). The compounds
with the lowest K; values gave the best protection against BrAcT3-mediated

enzyme inactivation.
125
Incorporation of [ I]Bracts.

In order to correlate the time course of enzyme inactivation with the

covalent incorporation of BrAcT3, microsomes were incubated with 0.2 nM
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| TABLE I

Protection by various substrates and aralogous compounds against

BracTd mediated deiodinase inactivation.?

Test agent (lyM) K, () % remaining % protection
activity

- - 30 -

T, 17.3P 32

T, 2.7° 35

T, sulfate 0.3¢ 65 50
diiodotyrosine 191.0P 31 0
iopanoic acid 1.8P 61 44
bromothymol blue 1.494 60 43
diiodosalicylic acid 0.3P 71 59

a. Deiodinase was reacted with BrAcT3 as described under Materials
and Methods. The results are the means of 3 experimeats each
performed in duplicate.

b. ref 22; e¢. ref 9; d. ref 23.
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1251—labeled BracT; in the presence or absence of the competitive inhibitor

diiodosalicylie  acid. Figure 5 shows the results of this Zlabeling
experiment. At the concentration used, about 4&5% of the label is
incorporated intoe “protectable™ sites. The maximal incorporation of
{1251]BrAcT3 into "protectable” sites amounted to 2.4 pmol/mg protein as
revealed by reactlon wilith iIncreasing comcentrations BrAcT3 (not shown).
Apnalysis of the time course of incorporation showed a rate comstant of 0.11
pin~l which was slightly less than the inactivation rate of 0.135 min
measured under the same conditions. Identical dinmactivation rates were
observed with the 5'-deiodination of rT; as with the 5-deiodination of T,
sulfate (not shown).

DISCUSSION.

The T4 analog BracTy has been found to be a very potent inhibitor of
rat liver diodothyronine deiodinase through formation of an irreversible
enzyme—inhibitor complex. The apparent K; as revealed by Lineweaver Burk
analysis amounted to 0.1 nM which 1s extremely low in comparison with the
| for T4 delodination of 6 nit {3). The results with AeT5 dindicate that
only introduction of the non-reactive acetyl group is sufficient to cause a
decrease in the K; of Ty to 0-08 pM. This isiin keeping with the observed
decrease in the s of other iodothyronines by N-aecylation (19). The
inactivation of the deiodinase with different BraAcT, concentrations’ follows
only during the first two min pseudo first order kinmetics. The observed
deviation is probably due to exhaustion of BracTy by reaction or hydrofobic
interaction with microsomal proteins. The value of 0.35 min_1 for the
limiting inactivation rate conmstant at 37°C is lower than that for
jodoacetate~mediated inactivation of the renal deiodinating enzyme, i.e.
1.56 min™t at 25°C (12). However, due to the high affinity of the BracT,
for the enzyme the pseudo bimolecular rate constant (k3/Ki) amounts to

2 107 ylgiy-l compared with 3 10° ¥ lpip-1 for iodoacetate.

The reported data for the modification of type I delodinase by
jodoacetate  strongly  suggest  that the inactivation 1is caused by

carboxymethylation of a catalytically important SH group. Our study gives
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ne clue as to the identity of the amino acid residue(s) ianvolved in the
reaction with BrAcTj. The attachment of the bromocacetyl group to the
alanine side chain makes reactiom with the catalytic SH group less probable
since this SE group is thought to be positioned close to the leaving
iodinimm iom. It is also hazardous to interpret the pH profile of the
inactivation in terms of the dissociation of a single amino acid residue.

The protection by various substrates and competitive inhibitors against
inactivation by BrAcTa indicate the reaction of BrAcTB with an aminoc acid
residue at or near the active site of the deiodinase. As is alse seen in
the case of iodoacetate-mediated inactivation, there is a good correlation
‘between inactivation and incorporation of inhibitor into the deiodinase by
the wuse of BracTq {12). The finding that the incorporation iIs somewhat
slower in comparison with the rate of inactivation may be due to the
uncertainty of the precise specific activity of the [1251]BrAcT3. SDS—PAGE
of microsomes labeled with [IZSI}BrAcT3 shows that the label is mainly
incorporated into two proteins with a molecular weight of 56 kD and 25 kD,
respecti%ely. Only incorporation in the latter was inhibited by 10 1 rT3
(not shown). From the published molecular weights between 50-60 kD of
deiodinase solubilized with cholate or desoxycholate it is suggested that
the enzyme consists of two subunits (20,21).

In conclusion, the present paper demonstrates that BrAcT3 acts as an
affinity label for type I deicdinase and may provide a valuable tool in the

purification of the enzyme.
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CHAPTER VII

ADVANCES IN THE PURIFICATION OF THE MICROSOMAL RAT LIVER
' IODOTHYRONINE DELODINASE.

I. Effect of detergents on solubilization and ion—exchange

chromatography.
Jan A. Mol, Tom P. van den Berg and Theo J. Visser

Department of Intermal Medicine III and Clinical Endocrinology,

Erasmus University Medical School, Rotterdam, The Netherlands.

SUMMARY

Rat liver microsomal fraction was treated with several nor—ionie,
anionic or zwitter—ionic detergents in order to investigate which is most
suitable for subsequent purification of the iodothyronine deiodinase.
Criteria for effective solubilization were a non—~sedimentable activity by
centrifugation at 105,000 x g together with the least molecular weight
possible as determined by Sephacryl $-300 gelfiltration in the presence of
detergent. In addition, the inhibitory activity of several detergents on
the deiodinase activity was investigated.

The optimal selubilization procedure consisted of treatmeat of the
microsomes with cholate and subsequent precipitation with 30% ammonium
sulfate. In this way the enzyme was stripped of adhering phospholipids and
was redissolved best with the non—ionic detergents Brij 56 or Emulgen 911
in the presence of 0.5 M NaCl. This deiodinase preparation with an
isoelectric poilnt at pH 9.3 was further purified by subsequent
chromatography on DEAE-Sephacel and CM=Sepharose. Only the

Emulgen—dispersed enzyme was  bound to the CM-Sepharose. Further
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purification was investigated by chromatofocusing. This resulted in a
rapid inactivation of the Emulgen extract whereas with the Brij 56 extract

the enzyme was ultimately purified 400 times after DEAE-Sephacel and
chromatofusing.

In rat liver, icdothyronine inmer ring and outer wing deiodinating
activities are intrinsic to a single inregral membrane protein (1,2). This
enzyme, called type I deiodinase, is also found in kidney and catalyzes the
conversion of thyroxine (T,) into the biologically active thyroid hormomne
3,37,5-trifiodothyronine (T5) or into the inactive 3,3',5'-triiodothyronine
(reverse Ts, rT3) (3,4). It is distinct from the type II deiodinase found
in pituitary, cerebral cortex or brown adipose tissue, which converts T,
only into Tg, as well as from the type IIL deiodinase found in brain and
placenta, which cenverts T, ounly dinto rTy (5-8). Under euthyroid
conditions, the type 1 deiodinase i1is responsible for most of the
circulating Ty (9), but this enzyme is most active in the conversion of rTy
into 3,3'-diiodothyronine (3,3'-T2) (3,4). In order to characterize the
deiodinase, attempts have been made to solubilize the enzyme (10,11).
Further purification of detergent—dispersed deiodinase, however, has been
proved to be difficult (11).

The present report councerns a reinvestigation of detergents wuseful in

the solubilization and further purification of type 1 deiodinase.

MATERIALS AND METHODS
Materxials-

3,3',5'-Triiodothyronine (rTs) and 3,3"'-difodothyronine (3,3'-T,} were
obtained from Henning, Berlim, FRG; taurodeoxycholic acid, cholic acid,
and dithiothreitol (DTT) from Sigma; 3—[(3—Cholamidbpropyl)
dimethylammonio} l-propane sulfonate (CHAPS); Brij 35, 56 and 38, Myrj 52,
and Tween 20, 40 and 60 were from Serva; Zwittergeat 3-08, 3-10, 3-12 and
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3-14 were from Calblochem-Behring. Emulgen %10 and 911 wexre a2 genercus
gift from Kao Atlas, Tokyo, and Dobanol 91-8 was a genercus gift from
Shell, The Hague. Sephacryl $-300, DEAE-Sephacel, CM-Sepharose CL-6B,
Sephadex LH~20, Sephadex G-25, and Pharmalyte pH 8-10.5 were purchased from

Pharmacia, and carrier—free Na125

1 from Amersham. [3',5‘—1zsI]rT3 was
prepared by radioiodination of 3,3'-T, with the chloramine~T wmethod and
purified on Sephadex LH-20. All other reagents were of the highest quality

commercially available.
Xodothyronine deiodinase assay-

Enzyme activity was determimed by incubation of appropriate amounts of
microsomal protein for 10 min at 37°C with 0.1 pCi 123I-rT; and 0.5 p
unlabelled rTg im 0.25 ml 0.2 M sodium phosphate (pH 7.2}, 4 mM EDTA and 5
mM DIET. The reaction was stopped by addition of 0.25 ml human serum.
Serum protein-bound iodothyronines, i.e. substrate rT3 and product
3,3'-T,, were precipitated with 0.5 ml 10% trichloroacetic acid.
Production of iodide was calculated from the radicactivity in  the
supernatant after centrifugation for 10 min at 1500 x g. The results were
corrected for mnon—enzymatic deiodination as assessed in enzyne—free
incubations, and multiplied by two to account for the equal'distribution of
the 12°1 label among the products 3,3'~T, and .

Preparation of microsomes.

The liver of male Wistar rats was perfused in situ through the portal
veln with buffer 4, 0.25 M sucrose, 50 mM Tris/HCl (pH 7.4) and 1 mi DIT,
at 4°C. AlL further steps were carried out at 0-4°C. The liver was
excised, minced, washed and homogenized using a Potter-Elvehjem homogenizer
with Teflon pestle in 3 volumes of buffer A. The homogenate was
centrifuged for 10 min at 3000 x g- To the supernatant was added a 30%
(w/v) polyethyleneglycol (PEG) 6000 solution in water to a  final
concentration of 5% PEG, and after stirring for 10 min, the mixture was

centrifuged for 10 min at 8000 x g. <The pellet was resuspended wusing the
Potter-Elvehjem homogenizer in buffer B, 50 uM Tris/HC1 (pH 7.2), 3 mM EDTA
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and 3 mM DIT. The resultant suspension was centrifuged for 1 h acr 105,000
x g. The f£flcating £fat layer was carefully removed and the pellet
resuspended in buffer B. This microsomal fraction was kept at -20°C until
used for the solubilization experiments.

Protein was measured according to Bradford (15) with some modificaticns

(16) using bovine serum albumin as the standard.
Solubilization experiments.

The solubilization of iodothyronine  dejiodinase activity was
Investigated essentially with twe different microsomal preparations.
Firstly, microsomes (10 mg protein/ml) were treated directly for 1 h at 0°C
with an equal volume of 1% detergent inm buffer B in the absence or presence
of 0.5 M NaCl. Aftex centrifugation for 1 h at 105,000 x g enzyme activity
in the supernatant was determined. Secondly, microsomes were solubilized
with cholate using the above conditions (see also ref.l0). To the
supernatﬁnt a solution of saturated ammonium sulfate in water, adjusted to
pH 7 with diluted NaOH, was added slowly at 4°C under gentle stirring until
30% saturation was achieved. After 30 min the preclpitate was spun down
for 20 min at 20,000 x g, and the pellet was used for solubilizatiom as
described for the microsomal fractrion-

Inhibition of the enzymatic deiodination of rTB by the wvarious
detergents was tested by addition of 0.01-1.0 % (w/v) detergent to
delodinase assay mixtures containing 2-5 pg/ml crude microsomal protein.

Iodide production was estimated as described above.
Chromatography.

Gel filtration was carried out at 4°C with samples concentrated using a
Minicon B-15 unit (Amicom). Solubilized proteins were applied to a
Sephacryl $~300 column (1.6 x 40 cm) equilibrated with 10 mM Tris/ECLI (pH
7.2), 3 o EDTA, 3 mwM DIT and 0.01l% detergent (w/v). The column was eluted
at a flow of 0.5 ml/min. The column was calibrated with thyroglobulin,
ferritine, catalase, aldolase, bovine serum albumin and ovalbumin as

standards in buffers containing the various detergents. Absorption at 280
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TABLE 1

Couparisen of several detergents onm the solubilizatifion and activity of
iodothyronine deiodinase.

Detergent cMe @ % inhibition of % solubilization P
4 (wfv) enzyme activity (+} or (~) 0.5 M NaClL
at 0.1% (w/v) microsomes  A.S.
pellet
detergent - + - +
ANIONIC
Cholate 0.6 30 92 98 10 8
Taurodeoxycholate 0.2 100 77 77 20 16
ZWITEERIONIC
CHAPS 0.3 35 12 115 7 14
Zwittergent 3-08 large 0 - 63 1 0
- 3-10 1.2 20 - 34 o 0
" 312 0.12 100 - 29¢ 1 17
NON-IONIC
Brij 35 0.008 75 14 41 23 29
" 56 0.0001 58 74 198 30 76
" 58 0.008 76 - 44 17 26
Tween 20 0.006 60 33 59 13 17
Myri 52 - 2 - 4 - 6
Dobanol 91-8 - 78 36 123 33 51
Emulgen 911 - 1¢ - 210 52 82

& Critical micel concentration (Ref. 20, 26, 27).
The activity in 105,000 x g supernatants was determined with an
appropriate dilution in the presence of 0.01% detergent.

€ Activity measured in the presence of 25 ug/ml detergent.
A.3. pellet= Ammonium sulfate pellet.
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nmm was monitored with a 8300 Uvicord 11 {LKB). Fractions of 2 ml were
collected and assayed for protein and deiodinase activity.

Ton~exchange chromatography was mainly carried out with the Brij 56 and
Foulgen 911 extracts of the ammonium sulfate precipitate. DEAE-Sephacel or
CM—Sepharose columns (bed %olume approximately 20 ml) were equilibrated
with 10 mM sodium phosphate (pH 7.2), 3 mM EDTA, 3 mM DIT, 20% (v/v)
glycerol and 0.1% Brij 56 or 0.1% Emulgen 911. Solubilized proteins were
applied in the same buffer as used for equilibration, accomplished through
a buffer change on Sephadex G-25. Desorption from the dIon—exchange gels
was carried out by increasing NaCl concentrations.

Chromatofocusing experiments were conducted (by fast protein 1liquid
chromatography (FPLC)) on a Mono—P colummn (Pharmacia) using a Model 60004
solvent delivery system and monitoring absorbance at 280 om with a Model
440 fixed wavelength detector (Waters). The column was equilibrated with
25 mM triethylamine/HC1 (pE 10.5), 10% glycerol and 0.2% detergent.
Samples were concentrated with a Minicon B-15 unit and brought inte elution
buffer using a PD-10 column (Sephadex G-25, Pharmacia). Protein was
applied to the column after starting the pH gradient with 4 ml of the
elution buffer. Fractions of 1 nl were collected and analyzed for
deicdinase activity, protein content and pH. The elution buffer consisted
of polybuffer 96 diluted 1:20 and ampholine 9-11 diluted 1:200, adjusted
with.H01 to pH 8, 10%Z glycerol, 1 =M DIT, 10 mM NaCl and 0.2% detergent.

RESULTS
Detergent effects on enzyme solubilization and activity.

A series of anionic, zwitter—ionic or non—ionic detergents were tested
for their capacity to solubilize the deiodinase from microsomes or the
ammonium sulfate pellet of the cholate extract as well as for their
inhibitory activity in the deiodinase assay. As shown in table I the ionic
detergents were very effective in the solubilization of enzyme activity
from the microsomal fraction but failed to reactivate the ammonium sulfate

pellet. In the «case of the anionic detergents cholate and
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taurodeoxycholate no improvemeat of the sclubilization was detected after
additlon of 0.5 M NaCl whereas the zwitter-ionic detergents, especially
CHAPS, required a high-salt buffer for effective solubilization. The
zwittergents proved to become strong inhibitors of rT3 5*-~deiodination with
a decrease of the critical micel concentration. In fact, zwittergent 3-14
and 3-16 completely inhibited enzyme activity at concentrations of 25 pg/ml
detergeut (w/v). The non-ionic detergents tested solubilized both the
nicrosomes and the ammonium sulfate precipitate best in the presence of 0.5
M HNacCl. The solubilization of microsomes with Dobanol 91-8, Brij 56 and
Emulgen 911 resulted in a stimulation of the deiocdinase activity of 1.2,
2.0 and 2.1 times, respectively. These detergents were also most effective
in the solubilization of the ammonium sulfate pellet. Figure 1 shows the
irhibition of the rTgq 5'-deiodination by increasing conceuntrations of
several detergents in a direct incubation with microsomes. Again a
stimulation of deiodinase activity is seen with the detergents Emulgen 911
and Brij 56, although to a lesser extent. At higher concentrations these
detergents show a dose dependent inhibition of enzyme activity as is also

shown for the ionic detergents CHAPS and cholate.
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Fig.1. Alteration of rTé 5'-ge£odinase activity by incubation of rat Liver
microsomes for 10 min at 37 C with 0.5 uM rT_ and & mM DTT in the presence
of various concentrations Emulgen 911 (@), Brij 56 (), Dobanol 91-8 (A)
or CHAPS (A).
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Qf several solubilized protein preparations the molecular weight of the
deiodinase was determined in the preseace of 0.01% detergent (w/v) by

gelfiltration on Sephacryl $-300. The results are shown in Figure 2.
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Fig.2. Sephacryl S-300 gel filtration of solubilized rat liver deiodinase.
Deplcted are chromatographies of delodinase sclubilized directly from the
microsomal fraction by Brij 56 (4), Dobanel 91-8 (B), taurodecxycholtate (C)
and CHAPS (D) or solubilization extracts of the ammonium sulfate pellet by
Brij 56 (E) or Emulgen 911 (F). Vo and v, indicate the vold volume and the
total volume of the coiumn, respectively. Protein (---) i3 plotted on the
vartical arls as a percentage of the marimal absorption at 280 nm Ln the
peak Ffraction. Delodinase activity (@& ) is depicted as percentage
detodination of rT_ under standard conditions (See Materials and Methods).
Recovery of acttvi%y ranged between 50 and 70%.
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Solubilization of the microsomes with the non—ioanic detergents Brij 356 or
Dobanol 91-8 (Fig. 2A and 2B) yielded deiodinase preparations with
apparent molecular weights of 320,000 and 240,000, respectively. Although
the ionic detergents taurodeoxycholate and CHAPS (Fig. 2C and 2D) gave
rise to deiodinase preparatioms which were non—sedimentable Dy
centrifugation at 105,000 x g, the solubilized complexes eluted in the void
volume of the columm, indicating z molecular weight of over 1,000,000. The
smallest complexes are obtained by solubilization of the ammonium sulfate
pellet with the non—jonic detergents Brij 56 or Emulgen 911 (Fig. 2E and
2F) which yields molecular weights of 170,000 and 190,000, respectively.
Addition of the various detergents to the mixture of calibration proteins
did not change their elution positions. From the results of the molecular
weight estimations it was concluded that for subsequent purification of the
deiodinase the non—-ionic detergents Brij 56, Dobanol 91-8 or Emulgen 911
were most suitable In substitution for the phospholipids that had been

removed by ammonium sulfate precipitation.
Ion~exchange chromatography.

A. Phospholipid—containing extracts.

Previous work in our laboratory (1l2) has shown that direct
solubilization of microsomes with W~1 ether yields a deiodinase preparation
with an isocelectric point at approximately pH 6.4 while the enzyme
recovered with W-1 ether from the ammonium sulfate pellet has a pIL of 9.3.
This increase in pI value is explained by the loss of acidic phospholipids.
W-1 ether is a mixture of the detergents Brij 56 and Brij 58, and similar
results have been obtained by preparative iscelectric focusing (IEF) of the
respective 3rij 56 extracts (data not shown). Attempts were made firstly
to purify direct microsomal extracts in Brij 56, Dobanol or Emulgen further
by ion—exchange chromatography on DEARE-Sephacel at pH 7.5. Despite an
overall negative charge on the enzyme—lipid—detergenﬁ complex, only weak
binding to the anion—exchange gel was observed when applied in 15 oM sodium
phosphate buffer (pH 7.5), containing 1 mM EDTA, 1 =M DIT and O.l%
detergent. Between 10 and 30% of the enzyme activity combined with the

column and could be eluted with 0.5 M NaCl in the same buffer. Most of the
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remaining activity (40-60%Z) eluted in the veid volume. Since during enzyme
purification partial removal of acidic phospholipids may occur with a
change in isoelectric point (D. Fekkes, personal communication), we
decided to take the phospholipid depleted ammonium sulfate pellet as a

starting point for further purification.

B. Delipidated extracts.

Ammonium sulfate precipitation of a <cholate extract and subsequent
solubilization with non-ionic detergents led to a 3-fold increase in
specific enzyme activity. In the following experiments we have compared
the ion—exchange chromatographies of the delipidated extracts obtained by
solubilization of the ammonium sulfate pellet with 1% Dobanol 91-8, Brij 56
or Emulgen 911. After éesalting by Sephadex 6-25 filtratiorm, the
chromatography of these extracts on DEAE-Sephacel resulted in elution of
over 60-80% of enzyme activity in the void volume together with 25-30% of
applied protein, representing a purification of 2-3 times. Data for the
Emulgen and Brij preparations are given in Table IL but the same results
were obtained with Deobanol. After elution over DEAE-Sephacel, the Brij
extract was applied to a CM—Sepharose cation—exchange gel equilibrated in
buifer B containing 0.05% Brij 56. However, almost all deiodinase activity
passed through the column in the same buffer without enrichment in specific
activify. Lowering of the buffer concentration or pH did not Improve
binding of the deiodinase to the CM-Sepharose whereas a decrease in
detergent concentration resulted in a loss of enzyme recovery probably due
to precipitation of protein.

The Dobanol and Emulgen extracts behaved quite differeantly on the
cation—exchange gel. These deiodinase preparations bound almost completely
to the CM-Sepharose and could be eluted with a lineair NaCl gradient.
After DEAE-Sephacel, binding o¢f the Emulgen preparation was clearly visible
as a dark brown band on the top of the CM~Sepharose column. Since elution
with 1 M NaCl gave rise to a broad elution peak, a search was ma&e for
optimal conditions. Application of the Emulgen extract was optimal in a
low ionic strenght buffer containing 10 mM Tris/HCl (pH 7.2), 1 mM EDTA, 1
mM DIT, anrd supplemented with 20% glycerol (v/v), 0.2% (w/v) Emulgen 911,
0.05% (w/v) cholate and 15 mM NaCl. Each of the latter additions resulted
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in an improvement of the CM-Sepharose chromatography by preventing loss of
delodinase activity due to protein aggregation, and chromatography under
these optimal conditions is illustrated in Fig. 3. Addition of glycerol
to the Dobanol 91-8 preparations did not improve their binding to and
elution from the CM~Sepharose. Moreover, the deiodinase activity din the
Dobanol extracts appeared to be unstable when kept for longer time at -20°C
and, therefore, Dobancl was inferior to the use of Emulgen. The elution of
the Emulgen extract from the CM—Sepharose was unot or only slightly improved
using a WaCl gradient instead of an immediate change to 1 M NaCl, while the
latter has the advantage of eluting deiodinase activity as a narrow peak.
By these ion—exchange chromatographies we obtained a deiodinase preparation
in Brij 56 with a total activity of 40Z of the microsomal fractiom and a
protein content of 5% resulting in a purification of 8 times. The Emulgen
extract contained after CM~Sepharose chromatography 637 activity together
with 3% protein leading to a purification of approximately 20 times (Table
I1).

(- —-o-~ ) % protein

50 ~41.0 - 40

= z

= >

2 -

E oo

25 <40.5 _ 420 7
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| T

0 -0 = Jd et
1 1 1 1 i i
0 10 20 30 40 50

Eflution velume (ml)

Fig.3. CM-Sepharose chromatography of an Emulgen extract of the ammonium
sulfate pellet after DEAE-Sepharose chromatography. Protein (@) and
5’ -deiodinase activity () were datermined (as described under Materials
and Methods), and depicted as «a percentage of the total activity and
protein applied to the column. Proteins were eluted with a 1lineair NaCl
gradient (---). The recovery of delodinase activity amounted to a mean of
80% in 3 experiments.
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Fig.4. Bigh performance chromatofocusing of rat tiver todothyronine
delodinase solubllized with BriJ 56 from the ammonium sulfate pellet and
partially purified by lon-exchange chromatography. The Brij 56 extract
(0.5 mg protein in I mil) was injected at min 5. &t fractvion 38, 0.5 ml IM
Na S0 was injected to elute proteins retained by the mono-£ colwmn, One
mt° fractions were collected and agssayed for pH (---), protein () and
sr-deilodinase activity (0). The figure shows the rosults of a
representative oxperiment.

Chromatofocusing.

Due to the difficulties in purificarion of rat liver dejiodinase by
affinity-chromatography (1l2) we investigated the possibility of separation
by means of chromatofocusing. As indicated by preparative igoelectric
focusing (12) of the Brij 56 extract of the ammonium sulfate pellet, the pl
of the delipidated enzyme is about 9.3 (not shown). Imn order to minimize
deterioration of enzyme activity above this pH, protein was applied to the
column in elution buffer after starting the pH gradient with one column
velume of elutiom buffer (see Materials and Methods).

Attempts to purify the CM-Sepharose pool of the Emulgen preparation
were completely unsuccessful. Apparently the deiodinase was inactivated on
the chromatofocusing column since no deicdinase activity eluted within the
formed pH gradient neither by a further decrease of pH or increase in ionic
strength. Incubation of the Emulgen or Brij extracts for 1 hour at room

temperature and different pE values followed by measurement of the activity
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at pB 7.2 showed that the solubilized enzyme is stable between pH 6 and 8
but especially with Emulgen is rapidly and irreversible inactivated at pH
9. This may be due to protein aggregation which is often seen close to the
isoelectric point (pl 9.3). In the case of the Brij 36 extract we were
more successful. Figure 4 demonstrates a typiéal purification of a Brij
extract by chromatofocusing. Optimal resolution with retention of enzyme
activity was obtained dy including 10 mM NaCl in the elution buffer,
whereas the total activity found after omission of NaCl or by addition of
2M urea or 10% ethanol (v/v) to prevent hydrophobic interaction was below
30%. Often the deledinase eluted in two activity peaks of pI 10.2 and pI
%.4. The peak at pH 9.4 contained 8.8% of the initial activity of the
microsomes together with 0.022% protein representing a purificatiom of 400
times (Table II).

TABLE I1X

Initial purification of rat liver iodothyronine deiodinase.

Step “protein Zactivity purification

1. Microsomes 100.0 100.0 1.00

2. Cholate extract 92.9 90.5 0.98

3. Emulgen extract of 28.6 82.0 2.87
A.S. pellet ‘

— DEAE=-Sepharose 8.0 7l.4 8.93

- (CM-Sepharose 3.2 65.3 20.41

4. Brij 36 extract of 18.8 70.2 3.73
A.S. pellet

— DEAE-Sepharose 5.0 40.6 8.12

= Chromatofocusing 0.022 8.8 400,00

A.S. pellet= ammonium sulfate pellet.
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DISCUSSION

The present report concerans an exXtension of other studies om the
solubilization of rat liver or kidney type I deiodinase (10-12). OQur study
was initiated by the disappointing results of purification of W-1
ether—-solubilized wmicrosomes by icn—exchange chromategraphy or by various
"affinity" gels (11). As summarized in Table I iomic detergents were
effective iIn the solubilization of deiodinase activity only from the
microsomal membranes. The thus obtained detergent—phospholipid-protein
complexes formed, however, large aggregates as shown by Sephacryl 35-300 gel
filtration. This is in agreement with the findings of Fekkes et al (10)
and Leonard et al (11) who found alsce large complexes using cholate or
deoxycholate, respectively. Only at high detergent concentrations and 0.1
M NaCl small deiodinase complexes were foumd in case of cholate (L0). Gel
filtration in the presence of deoxycholate resulted in substantial losses
of deiodinase activity due to lipid depletion. Addition of phospholipids
was needed to reactivate the enzyme (11). Attempts to create a small
detergent—deiodinase complex in the case of CHAPS by addition of 10 mM
CHAPS, 0.5 M NaCl and 20% glycerol to the gel filtration buffer were
unsuccessful  (net  shown). Together with our observation  that
solubilization of phospholipid—- depleted enzyme with ionic detergents is
neariy impossible, this leads to the conclusion that ionic or zwitteriomic
detergents are less useful in the replacement of membrane phospholipids and
furthexr purification of rat Liver Icodothyronine deiodinase. Alsoe the
sedimentation analysis of the remal fodothyronine delodinase on a sucrose
gradient with deoxycholate as detergent suggests that very little of the
ionic detergent binds to the deiodinase (11).

Solubilization with non-ionic and zwitterionic detergents was optimal
in the presemce of 0.5 ¥ NaCl. This is also seen in the solubilization of
other membrane proteins with monm—ionic detergemts (17,18), and surprisingly
also with the zwitterionic detergent CHAPS in the solubilization of Vitamin
K—dependent carboxylase (19). This salt effect may be caused by an
increase in hydrophobic interactions through which detergents are more
tightly bound te the hydreophobic sites of the enzyme. In this way

noa—ionic detergents seem to be better in replacing phospholipids in
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comparison with ionic detergents.

The inhibition of enzyme activity with the zwittergents 3-08 up to 3-~16
appears to be related to the critical micel concentrations suggesting that
sequestration of hydrophobic iodothyronines by a detergent micel may take
place (1l1). This does not hold in case of the non—ionic detergents which
possess in general lower critical wuicel concentrations. The detergent
effects wmay, however, be more complicated as seen In the stimulation of
enzyme activity when the non-ionic detergents Brij 56 and Emulgen 911 are
used din the direct solubilization of the microsomes. Due to binding te
functional sites om the deiodinase, hydrophobic detergents may inhibit at
higher concentrations (see ref. 20).

Solubilization of the ammonium sulfate pellet with non-ionic detergents
results in apparent molecular weights for the deiodinase activity of
170,000 ~ 190,000 as determined by gel filtration om Sephacryl 5-300. The
higher molecular weights in case of direct solubilization of microsomes are
probably caused by adhering phospholipids. The apparent mclecular weights
for the deiodinase in non—ionic detergents are in close agreement with
those found for other mnicrosomal enzymes for Iinstance 230,000 for
UDP=glucuronyltransferase (21), 280,000 for arylsulfatase (22), 220,000 for
cAMP phosphodiesterase (23) and 160,000 for cytochrome P—~450 (24). In our
view, these velatively high values in comparison with the molecular weights
determined by gel electrophoresis in the presence of SDS are caused by the
micellar form of the protein—detergent complex rather than by formatién of
polymeric protein complexes (21,22). Addition of chelate or CEAPS to the
solubilization mixture of Emulgen and the ammorium sulfate pellet caused no
further decrease of the molecular weight of the deiodinase as determined by
gel filtratiom.

The choice of the correct detergent for solubilization and subsequent
purification, although a c¢ritical step, is largely a trial-and-error
process. This is alse shown in the attempts to purify the delocdinase by
ion—exchange chromatography. The ©vinding of the Brij 56 extract of
delipidated enzyme on the (M~Sepharose is frequently impaired. This may be
caused Dby detergent binding to the carboxymethyl group of the gel or more
likely binding to functional sites om the deiodinase. TLowering of the

detergent conceantration, especially in low icnlc—strength buffers resulted
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in considerable loss of activity recovered from the column. The presence
of at least 15 wM NaCl and, in the case of Emulgen, 20% glycerol appeared
to be essential for protein stability and in the case of Emulgen alse 20%
glycerol. Addition of cholate to the Emulgen buffer clearly improved the
salt elution of the deiodinase from the CM-Sepharose probably by prevention
of hydrophobic interaction with the gel matrix.

In some chromatofocusing experiments delodinase activity eluted from
the column at pH 10.2 before the main activity peak at pH 9.3. This may be
delodinase which is less tightly bound to the c¢olumn due to the high
detergent concentration used or due to the 10 mM NaCl which is added to
optimize recovery of enzyme activity. Using Brij as detergent activity
recoveries ranged between 35-50%. It is yet unclear why the solubilized
enzyme is unstable at high pH in contrast with menbrane—associated
deiodinase. Besldes irreversible unfolding close to the iscelectric point,
the catalytic important SH group is more prone to irreversible oxidation at
high. pH, and alsc dissociation of subunits may occur. The excistence of
subunits has been suggested by affinity-labeling experiments (23). The
availability of a pure enzyme preparation should give an answer if in
analytical isoelectric focusing fully delipidated rat liver defodinase
shows a microheterogeneity In iscelectric points.

In conclusion, the iodothyronine deiodinase of rat liver is optimally
solubllized in a 1lipid-free form by the non—ionic detergents Brij 56 or
Emulgen 911. The thus obtained, probably monomeric form c¢an be purified
some 20 times by ion—exchange chromatography in a mixture of Emulgen and
cholate. Further purification by chromatofocusing is only possible with
Brij 56 preparations and results in a purification of about 400 times. The
recovery of activity is lowered due to deilodinase lability at high pH. The
enzyme preparations purified by several ion—exchange chromatographies serve

as a good starting point for subsequent affinity chromatography (28).
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CHAPTER VIII

ADVANCES IN THE PURIFICATION OF THE MICROSOMAL RAT LIVER
IODOTHYRONINE DEIODINASE.

II. Affinity chromatography
Jan A. Mol, Tom P. van den Berg and Theo J. Visser.

Department of Internal medicime III and Clinical Endoerinclogy,

Erasmus University Medical School, Rotterdam, The Netherlands.

ABSTRACT

The rat 1liver iodothyronine deiodinase has been solubilized and
purified approximately 2400 times from liver microsomal fraction of male
Wistar rats pretreated with thyroxine. The deiodinase was solubilized with
1% cholate, and stripped of adhering phospholipids by ammonium sulfate
precipitarion followed by solubilization with the non—~ionic dJetergent
Emulgen 91l. The enzyme was further purified by successive ion—exchange
chromatography on DEAE—Sephacel and Cellex~P, and affinity chromatography
on a matrix of 3,3",5~triiodothyronine (T;)-Sepharose. At last, the
iodothyronine deiodinase was further purified by covalent attachment onto a
column of the mechanism—based inhibitor propylthiouracil (PTU) coupled to
Sepharose 4B. Binding was achleved ouly in the presence of substrate which
is 1in agreement with the proposed ping-pong mechanism. The covalently
bound deiodinase was eluted by reduction of the formed enzyme~PTU nmixed
disulfide with 30 mM DTT. The enzyme exhibits a subunit molecular weight
of 25,000 and is approximately 507 pure as Jjudged by SDS-PAGE. The
partially purified enzyme preparation 1s equally enriched in both outer

ring and inner ring deilodinase activities in keeping with the concept that
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both activities are intrimsic to a single, type 1 deiodinase in rat liver

and perhaps also in kidney.

Thyroxine (T,), the principal secretory product of the thyroid gland,
is mainly metabolized in peripheral tissues by  sequential
mono—deiodinations (1,2). Outer ring deiodination of T, leads to the
formation of the active thyroid hormone 3,3',5-triiodothyromine (T3)
whereas inner ring delfodination irreversibly imactivates the pro—hormone T,
to  3,37,5'-triiodothyronine (¥T,) (1,2). Both triilodothyronines are
further metabolized by deiodinmation wainly to  3,3'-diiodothyronine
(3,3'—12). In rat 1liver and kidney both outer ring and inner ring
deiodination are catalyzed by a microsomal enzyme (3-5). Using the crude
microsomes as enzyme source the catalytic mechanism has been studied. The
deiodinase ceomtains an active site =-SH group which can be blocked by
iodoacetate (6,7)- There is probably also an essential histidine residue
in close proximity of the catalytic center which s wmodified by
diethylpyrocarbonate with resultant loss of enzyme activity (8). The
delodinase requires the reductive equivalents of thiecls for activity,
dithiothreitol (DTT) and dihydrolipoamide being the most effective in vitro
(9-11). It has been proposed that the enzyme deiodinates iodothyronines
via a ping-pong mechanism (9,10). During deiodination of an iodothyronine
molecule an oxidized enzyme intermediate is  formed, probably an
enzyme—sulfenyl iodide (E~SI), which is subsequently reduced by the thiol
cofactor to regenerate the reduced enzyme. Inhibition of enzyme activity
by  propylthiouracil (PTU) is uncompetitive towards substrate and
competitive towards cofactor DIT. It is suggested that PTU reacts readily
with the E~SI under formation of am inactive disuvlfide complex between PIU
and deiodinase. Such a reaction mechanism is consistent with the finding
that c¢ovalent binding of labeled PTU to the deiodinase is stimulated by
substrate (12). In the present report we make use of this property in the
affinity chromatography on proplonylthiouracil (PIU)-Sepharose.

More knowledge of the contribution of liver and kidney to production

and elimination of the triiodothyronines is needed for a better
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understanding of the regulation of their serum concentration in health and
disease. Purified enzyme  preparations would then alse enable
investigations of possible regulatory factors that determine how much T, is
converted either to Ty or to rT; through the action of rat liver
deiodinase. In the preceeding paper solubilization of rat liver deiodinase
and dits partial purification by ion-exchaﬁge chromatographies has been
described (13). The present paper reports on advances in the purification

of this enzyme by affinity chromatography.

MATERIALS AND METHODS
Materials.

T4, T3, rT3 and 3,3'—T2 were obtained from Henning, Berlin, FRG;
cholic acid, H-ethyl-N'-(3-dimethylaminopropyl) carbediimide hydrochloride
(EDC} and dithiothreitol {DTT} from Sigma;
3=[(3=~cholamidopropyl) dimethylammonio]-l propanesulfonate (CHAPS) from
Serva. Emulgen 911 was 2 gift £from Kao Atlas, Tokyo. Erythrosine
(tetraiodofluorescein) was obtained from Eastman Kodak Co., and
2-thiouracil-6-propionic acid was a generous gift from Drs. D.s. Cooper
and E.C. Ridgeway, Massachusetts General Hospital and Harvard Medical
School, Boston, MA, USA. Cellex~F and all chemicals for polyacrylamide gel
electrophoresis (PAGE) including high molegular weight standards were from
Bio=-Rad. All other chromatography media were products from Pharmacia.
N-bromo acetyl-3,3",5«triiocdothyronine (BrAcIB) was prepared according to
Cheng, method B (14). Iodothyronine sulfate esters were prepared by a
recently developed method (13) using chlorosulfonic acid in
dimethylformamide. All other reagents were of the highest quality
commercially available.

Affinity column preparation.

Tq and T3 sulfate were coupled to activated CH-Sepharose 4B (which

contains a six-carbon spacer group) or to CNBr-activated Sepharose 4B
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(without a spacer) in 0.1 H NaHC03 buffer (pH 8.3) as published by
Pharmacia . (16). The concentrations of coupled ligand were estimated by

inclusion of a tracer quantity 1251-

labeled T3 or T4 sulfate. These
concentrations amounted to 8-10 pmol Ty or Ty sulfate/ml settled gel for
activated CH-Sepharose and approximately 6 pmol T3 or Ty sulfate/ml settled
gel for CNBr-activated Sepharose.

Erythrosine—Sepharose and PTU-Sepharose were prepared by coupling of
erythrosine and 2-thiocuracil-6-propionic  acid, respectively, to
AH—Sepharose 4B in 50% dioxane wsing l-ethyl-3-(3-dimethylaminopropyl)
carbodiimide hydrochloride (EDC) essentially as described by Tucker et al
(17). The concentrations of coupled ligand were estimated by measurement
of the absorbance of the erythrosine or PIU in the wash fluids and amounted
to approximately 10 pmol/ml settled gel (17,27).

Before use the affinity gels were mixed with Sepharose 4B until a final
concentration of approximately 2 mmel ligand/ml gel was obtained.

Solubilization and purification exXperiments.

Male Wistar rats (+ 250 g body weight) were made hyperthyroid by daily
i.p. injections with 10 pg T, in 1 =l 0.01 M NaCE in saline. On day 10
the liver was perfused in situ and subsequently microsomes were preparad as
described previously (13). All steps were carried ocut at 0—-4°C unless
stated otherwise. If necessary, complete fractions of the various
purification steps were stored at -80°C vefore they could be applied to the
next column. Microsomes from 10 pooled livers (10 mg protein/ml) were
solubilized in buffer B, 50 mM Tris/HCL (pH 7.2), 3 mM EDTA and 3 mM DIT,
using sodium cholate (1% w/v). Iodothyronine deiodinase activity was
precipitated through addition of a saturated (NH4)2804 solution in water
until 30% saturatien was achieved. The precipitate was spun down by
centrifugation for 20 min at 20,000 x g and subsequently the pellet was
solubilized with 1% (w/v) Emulgen 911 in 50 mM Tris/HCl, 3 mM EDTA, 3 =M
DTT, 0.5 M NaCl and 2(C glycerol in an equal velume as the original
microsomal fraction (appro: ately 4 mg protein/ml). After centrifugation
for 1 h at 105,000 x g, a buffer change and desalting was obtained by gel
filtration on a Sephadex G-25 column (2.6 x 30 cm) equilibrated with buffer
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C: 10 mM sodivm phosphate (pH 7.2 at 4°C), 3 mM EDTA, 1 mM DIT, 15 mM
NaCl, 20% glycerol, 0.2 % (w/v) Emulgen 911 and 0.05% (w/v) sodium cholate
at a solvent flow of 2 ml/min. Subsequently solubilized proteins were
applied to a DEAE-Sephacel column (1.6 x 25 cm), equilibrated in buffer C,
at a flow rate of 1 wl/min. The deiodinase activity did not bind to this
column. TFractions of 10 ml were collected until the absorbance at 280 nm
returned to the baseline of buffer C as monltored by a 8300 Uvicord 11
(LKB). Retained proteins were eluted with 1 M NaCl in buffer C. The
fractions containing deiodinase activity were pooled and applied to an in
buffer ¢ equilibrated Cellex-P column (2.6 x 10 cm) which 1s a
cation—exchange gel on cellulose basis containing phosphate groups
(Bioc—Rad). The column was washed with buffer ¢ until the absorbance at 280
mn was low. Elution of protein was achieved by a change to 1 M NaCl in
buffer C. Fractions of 10 ml were collected and assayed for deiodinase
activity. After desalting on Sephadex G-25 this material was used as
starting material for the affinity chromatographies.

Affinity chromatographies were Investigated on 10 ml bed volume columns
(1.6 x 5 cm) at flow rates of approximately 0.5 ml/min in buffer C. Only
binding to PTU~Sepharose was performed batchwise. The exact circumstances

of buffers used for elution are reported under Results.
Assays.

Aliqouts of fractions obtained after the different purification steps
were kept at -80°C until they were assayed for deiodinase activity and
protein in a single run. Outer ring deledinase activity was assayed
essentially as described previcusly by quantitation of 1251_ released from
0.1 uCi lZSI—rT3 in the presence of unlabeled rTq and 5 oM DIT at pHE 7.2
and 37°C (preceeding paper) or by measurement of the production of 3,3'—'1‘2
from unlabeled rTy under the same standard assay conditions with a specific
radioimmunoassay (18). Therefore, 50 pl of enzyme diluted in buffer C was
incubated with 200 pl 0.2 M phosphate (pE 7.2) containing 3 mM EDTA, 5 mM
DIT and 5 pM 1Ty In this way identical detergent concentrations were
obtained in all assays. The reactions were linear with respect to an

incubation time of 20 min. One unit of activity corresponds to the amount
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Table 1

Purification of rat liver

igdothyronine deiodinase from rat liver microsomes.

Purification step Total protein ) Specific activity Total activity Yield Purification
{mg) (units/mg) {(units) (%)

Hicrosomes 1310 6.7 8,856 100 i

Cholate extract 1074 7.4 7,894 89 1.1

Emulgen extract of 375 19.4 7,265 82 2.9

(NH4)2804 precipitate

DEAE-Sephacel 104 61.1 6,352 72 9.0

Cellex-P 55 113.0 6,215 70 16.7

T~Sepharose 7,45 514.0 3,827 43 76

PTU-Sepharose ~ 0,026 ~16,074.0 434 4,9  ~, 2400




of deiodinase which produces 1 mmol 3,3'-Tp/min from 5 pM T4 under
standard conditions. Immer ring delodinase activity was determined equally
using 5 pM T, sulfate as substrate. Production of rT; sulfate was
determined after hydrolysis of the reaction mixtures for 1 h at 80°C ia 1 N
HC), with a specific radieimmunoassay for rT, as published (19).

Protein concentrations were measured by the method of Bradford (20) as
modified (21), wusing bovine serum albumin as the standard. When samples
were too diluted or the detergent concentration was toc high, causing high
blank wvalues, protein was precipitated with 10%¥ TCA or with acetone (807
v/v}. The precipitated protein was dissolved in 0.1 M NaCE before protein
determination.

PAGE in the presence of SDS was performed on protein samples after
precipitation with acetone and subsequent boiling in sample buffer
containing 0.27 2Z~mercaptoethancl according to Weber and Osborn (21).
Electrophoresis of the proteins was performed on 8 cm gel rods of 7.5%
acrylamide at 3 mA/tube for 6 h. Afterwards the gels were fixed and
stained with 0.25% Coomassie brilliant blue R250 according to Weber and
Osborn (21) and subsequently scanned at 595 om. In addition, microsomal
protein was labeled by reaction with 1251*BrAcT3 in the absence or presence
of 10 pM rT5. In this way, BrAcT; serves as am affinity label as is shown
by Mol et al (23) and can be used to localize the delodinase after gel
electrophoresis. For this purpose gel rods wére cut in 2 mwm slices and
counted for radioactivity using a Nuclear Enterprise NE 1600 gamma

spectrometer.

RESULTS
Initial purification.

Following treatment of male Wistar rats with T, for 10 days, there was
a marked induction of rat 1liver dodothyronine deiodinase as has been
demonstrated previously (24). The apparent V.. value of the
5'-deiodination of rTy increased from 0.88 to 2.35 mmol 3,3'-T,

produced/min/mg microsomal proteirn as measured under standard conditions at
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pH 7.2 and 37°C in the absence of detergent (not shown).
microsomal

Dilution of the
fraction 1in buffer C resulted in a dramatical change of enzyme

activity as is shown in Fig. 1. The apparent V .. Increased almost 3

to 6.76 mmol 3,3'~T, produced/min/mg protein with a concomitant
increase of the apparent X from 0.17 to 1.67 pM.
hepatic ifodothyromine delodinase

times

The purification of the

from the microsomal fraction of animals
pretreated with T, is shown in Table I.

143, 3-T3 produced {nmoliminimg protein}

VTl (M

Fig.l. Linewveaver-Surk anaiysis of the deiodination rate of rT_ intc
2,3*'-T

by rat Liver microsomes diluted in buffer C in the absence '?A ) or
preserice (@) of 0.04% Emulgen and 0.01% cholate. The microsomes were
prepared from Lliwvers of thyrotoxic animals. Shown are the means of two
erperiments each performed in triplicate.

Microsomes were solubilized with 1% (w/v) sodium  cholate and

delipidated by precipitation with ammonium sulfate at 30% saturation (13).
The resulting pellet was again solubilized with 1% (w/v) Emulgen 911

under
the conditions described under

Materials and Methods. This delipidated
extract in non—jfonic detergent was enriched almost three times in

specific
activity with a recovery of 82X (Table I).

After ultracentrifugation and
desalting on Sephadex G~25, the clear extract was applied to
DEAE-Sepharose. The

a c¢olumn of
deiodinase eluted without binding to the column and
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was further purified approximately 3 times. Subsequently, the enzyme was
bound to a Cellex—P cation exchange gel instead of the CM~Sepharose used
previously. The advantage of the Cellex~P cation exchange gel dis 1its
greater capacity and a markedly sharper elution of enzyme activity from the
column. The latter was achieved with 1 M NaCl in buffer C.  After
Cellex-P, delodinase activity was enriched 17 times in comparison with the
activity found in microsomes determined in the presence of detergent.
After desalting on Sephadex G-25 it served as starting material for the
affinity chromatography.

Affinity chromatography.

Deicdinase activity was fully retained by hydrophobic interaction
chromatography on both cctyl-Sepharose and phenyl-Sepharose when applied in
buffer C. As much as 80% of the applied protein was adsorbed to the
column. Enzyme activity could only be eluted by reduction of the
hydrophobic interaction with a high defergent concentration of 2-5% Enulgen
in buffer C. Application of larger volumes of the Cellex-P fraction (i.e.
50 mg protein in 40 ml buffer ) to the octyl-Sepharose column equilibrated
in buffer € without detergent showed an initial visible binding of protein
limited to the top of the column. Further application of protein resulted
in the slow migration of the protein band over the column, probably due to
saturation of the matrix with detergent. Elution of protein with high
detergent concentrations gives rise to considerable tailing of eluted
deiodinase activity. The recovery of enzyme activity amounted to 857 in
the case of octyl-Sepharogse with a minor increase in specific activicy.
Less than 407 of the enzyme activity that was bound to phenyl-Sepharose
could be eluted by high detergent, indicating a stronger interaction with
this matrix. Again, hardly a change in specific activity was obtained.

The possibility was tested to purify the type I delodinase by affinity
chromatography wusing immobilized substrates or substrate analogues. For
this purpose affinity matrices were tested having T4, T5 sulfate or the
competitive inhibitor  erythrosine coupled covalently to Sepharose.

Chromatography on erythrosine—Sepharose was conducted in the dark since

erythrosine may give rise te photo—oxidation reactions (25) which lead to
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the destruction of enzyme activity as has also been observed with the
analogous dye Rose Bengal (8). Erythrosine is a potent inhibitor of
deiodinase activity with 507 inhibition at a concentration of 10 nM (J.A.
Mol and T.J. Visser, unpublished results). The erythrosine—Sepharose
column fully retained both protein and deiodinase activity. The activity
could mnot be eluted from the column with 2% Emulgen or a high detergent
concentration in the presence of 1 M NaCl. VWhen the column was
equilibrated with 2% Emulgen prior toe the application of the Cellex
fraction, binding of protein and enzyme activity was completely prevented,
probably due to encapsulation of the dye molecules by detergent.

In order to prevent hydrophobic interaction on the column as much as
possible, the water—soluble Tg sulfate which is a suitable substrate for
the deiodinase (26), was coupled to AH-Sepharose 4B. After equilibration
with buffer C almost all deiodinase activity of the Cellex pocl was
retained on the Ty sulfate-Sepharose column. However, as much as 70% of
applied protein was bound as well by this column, indicating a low degree
of speécificity. Enzyme activity could not be eluted with a high Emulgen
concentration or 1 M NaCl in buffer C. Only a combination of Emulgen and 1
M WaCl afforded the elution of the deiodinase which emerged in a broad peak
with only a twofold increase in specific activity at best. Hydrophobic
interaction was further minimized by omission of the six-carbon spacer
between the Sepharose and the T, sulfate. This was achieved by coupling of
T3 sulfate via its amino group to cyanogen bromide-activated Sepharose.
This affinity gel retained over B80% of the deiodinase activity. The
omission of the six-carbon gpacer resulted also in a sharper elution of the
deiodinase with 2% Emulgen and 1 ¥ of the chaotrepic salt KSCN in buffer C.
However, in spite of the reduced hydrophobic interaction, the degree of
enzyme purification remained disappointing and varied between 2 to 3 times.
In subsequent experiments we compared the purification on T3-sulfate
Sepharose with an affinity column of Tq coupled, without a hydrophebic
spacer, directly to CNBr—activated Sepharose. As expected and already
shown by Fekkes et al (27), the deicdinase was stroagly bound to the
Ty-Sepharose column. In this case it was possible to elute protein, which
was bound on the basis of hydrophobic interaction with, a high detergent

concentration. This was optimal with 2% (w/v) of the zwitterionic
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detergent CHAPS in buffer C. This was not possible for the proteins
retained by the T3 sulfate-Sepharose. Deiodinase retained by T;—Sepharose
was eluted with 2% Emulgen and 1 M KSCN. A typical purification on Tg
Sepharose is shown in Fig. 2Z. This fraction was purified some 4.53-fold

with respect to the Cellex—-P fraction and about 75-fold with regard to the
microsomal fraction.

protein (mg/ml)

i3 CHAPS 13 Emulgen
.or 1M KSCN 7200
| bR -
E
O—O-O-O jﬂ
'-' \ o g
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0.5p 1 4 4100 —
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Ejution volume (ml}

Fig.2. Affinity chromatography on a column oF T _~Sepharose. The Cellox-P
fractton (33 mg protein in 22 ml buffer C) uas appiied to the T3-Sepharose
after desaiting on Sephader G-25. Proteins bound due #o hydrophoblc
tnteraction were removed by elution with 1% CHAPS in buffer C. The
detodinating activity was eluted with 1% Emulgen and 1 M KSCN in buffer C.
Fractions of 5 ml were collected and assayed for deiodinase activity ()
and protein concentration (@). Shown is a representative chromatogram.

PTU-Sepharose chromatography.

PIU acts as a mechanism-based inhibitor of the deiodinase. It will
only reaet with the deiodinase when the'enzyme is converted by substrate
into the E-SI form. Preliminary experiments concerning binding of the
deiodinase by column chromatography onto FIU-Sepharose in the presence of
rTy as the substrate in buffer ¢ were disappointing. Very little

deiodinase was retained by the column. Repetition of the same experiment

without addition of rT3 showed that the native deiodinase has no affinity
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for the PTU column since ali enzyme activity appeared in the vold volume in
contrast with a third of the applied protein which tightly bound to the
PTU-Sepharose. Table II shows the result of this experiment. After column
chromatography of the T3—Sepharose fraction on PIU-Sepharose withour the
addition of substrate (rTB), the subsequent attachment of the deiodinase in
the presence of 5 pM rT4 was greatly improved (Table II). The fraction
obtained after column chromatography iIn the absence of substrate was
diluted 1 : 1 with buffer €  containing 10 pM Ty and 5 ml settled
PTU-Sepharose without detergent. The final detergent concentrations of
0.1% (w/v) Emulgen and 0.025% (w/v) cholate inhibited the delodinase
activity for less than 10% (13,26). Coupling to the PTU-Sepharose was
maximai when the gel was protected against oxidation by storing the gel in
the presence of 50 mlM DIT at 4 °C. Omission of these steps resulted im low
binding to the gel. For optimal contact  between deiodinase and
PIU~Sepharose these experiments were performed batchwise under continious
stirring for 1 hr at vroom temperature. The PTU-Sepharose was then
extensively washed with buffer € to remove non-bound protein and rT4, aand

covalently bound deiodinase was subsequently desorbed by batchwise

Tabie II

Purification of rat Tiver iodothyronine deiodinase on PTU-Sepharose.

Chromatography step Total protein Total activity Specific activity
(mg) (units)
T4~Sepharose 9.0 4680 52C
PTU-Sepharose
1. without rTg, non-bound 5.5 3260 550
fraction
2. incubation with 5 pM 5.06 1063 216G

rT3, non~bgund fraction

3. elution with 50 mM BTT ~+0.039 530 o~ 13.600
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Fig.2. Densitometric scan of gel rods obtalned ofter electrophoresits of
alfferent Fracticons of the purification steps and subseqguent staining with
Coomassie Blue R-250. A, and B - B shouw the absorbance at 585 nm plotted
in the vertical aris as a percantag?zgf the maxzimal absorption.

Panel B shows the incorporation of [=Br&cT,_ in rat Liver microsomes as @
percentage of bthe maximal iLncorporation in the absence (-} Or presence
(--= of 10 puM rr_. Showm  are representative chrometograms jfrom 2

experiments each per%ormed in duplicate.

A= microsomes, B= wmicrosomes Labeled with BracT,, C= microsomes from
thyrotoxtic animals, D= cholate extract, E= Emulgen extract after (NE 4) SO A
precipitation, F= Cellex-P fraction, G= T _-Sepharose fraction f B=
PrU-Sepharose fraction. The shaded area " shows the position of the
defodinating enzyme.
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incubation with 50 mM DIYT in buffer C at room temperature for 1 hr. This
fraction contained approximately 11% of the activity of the T3~Sephar03e
fraction, as determined directly after elution with DIT, and 0.4%Z of the
protein. At this stage, deiodinase activity appeared to be labile,
suffering a 50% loss by freezing at -20°C and subsequent thawing. In this
way a deiodinase preparation was obtained which was enriched approximately
2400 times jn 5'~deiodinase activity in comparison with the activity of the
microsomal fraction. At the same time the 5-deiodinating activity of this
fraction was determined using T, sulfate as the substrate. The increase in

specific activity was also over 2000 times increased (not shown).
Electrophoresis.

Figure 3 shows the electreophoretic patterns of the fractions obtained
after the wvarious purification steps im 7.5% polyacrylamide gels in the
presence of SDS (21). Panel B shows the relative incorporation of the
affinity label 1251—BrAcT3 in the absence or presence of 10 pM rTj-
Substrate—protectable incorporation of radicactive BracTy ds found at a
relative migration of 0.73, corresponding to a molecular weight of 25,000,
which is indicated by the shaded area in Fig. 3. The final enzyme
preparation is still contaminated with proteins having a relative migratiocn
of about 0.5.

DISCUSSIOoN

Solubilization of the rat liver iodothyronine deiodinase results in a
marked change in kinetic parameters. The augmentation in vmax has also
been observed after solubilization of other membrame proteins (28-30). The
degree of activation wvaries between 3-10 times. If this effect is not
taken into consideration, falsly high purification factors are obtained
(31)- The cause of this increase remains obscure although removal of
inhibiting phospholipids has been suggested to play a role (27). In
addition, enzyme may exist 1in a latent form with the active site on the

lumiral surface of the vesicles which becomes available after dysruption of
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the vesicle structure by detergents. The change in K, may be partially
caused by inhibition of enzyme activity with detergent, eilther direectly or
by sequestration of the hydrophobic substrate. The Km remained constant
during further purification suggesting that the enzyme-detergent complex
did not wundergo major alterations by the chromatographic procedures. The
results of the purification steps by ion—exchange chromatography were very
similar to those reported previously and yielded an average purification of
17 times. This preparation was used for subsequent affinity
chromatography -

The chromatographies on octyl-Sepharose or phenyl~Sepharocse showed that
the majority of wmembrane proteins bind strongly to these matrices,
especially to the phenyl group. Proteins retained by the octyl sepharose
could be eluted at high Emulgen concentrations although without enrichment.
The affinity chromatogrphy on erythrosine—Sepharose was not specific since
all protein was retained possibly through strong hydrophobic interaction.
When the column was saturated with detergent no binding occurd. The
addition of an anionic detergent such as deoxycholate in the buffer used as
suggested by Robinson et al (32) for affinity chromatography in non—ionic
detergent solutions did no improve the deiodinase binding at high Emulgen
concentrations.

The major part of applied proteins did alse bind teo the more
hydrophilie T3 sulfate—Sepharose. Omission of the hydrophobic six-—carbon
spacer resulted in some improvement of the ultimate purificatioan factor on
this column. Removal of protein that was bound by non-specific hydreophobic
interaction with 2% of the zwitterionic detergent CHAPS was not possible in
contrast with the chromatography on the more hydrophobic T3—Sepharose. It
is conceivable that by the use of T4 sulfate-Sepharose proteins are also
bound by ien—-pair formation involving the dissociated sulfate group. The
advantage of the non—dissociated phenolic hydroxyl group in T4 is that when
proteins are non—specifically bound only by hydrophobic interaction, they
may be eluted with high detergent concentrations. The purification 5&
chromatography on T3—Sepharose remains, however, still meager for an
affinity column.

It is possible that also drug metabolizing enzymes have affinity for Ty

as appeared from the labeling experiments with 1251—BrAcT3. The
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electrophoresis experiments show that alsc a 56,000 dalton protein is
labeled with a high capacity, which is not imhibited by 10 uM rT5. The
major peak in the electrophoretic profile of the T;—Sepharose eluate is
also a 56,000 dalton protein. Worth mentioning is the induction by T4
pretreatment of the mnicrosomal UDP-glucuronyltransferase activity for
4-nitrophenol by 400% (33) which may be active in the glucuronidation of Ty
(34).

The purification of the deiodinase was also investigated by covalent
binding of the deicdinase to PIU-Sephaxose after rT;-induced conversiom of
the enzyme into the E~S5I form. 1In order to improve the binding of the
deiodinase to the c¢olumn, interfering proteins were removed by a
chromatography step on PTU-Sepharose without addition of tl4. Some reports
mention the generation of radicals by non—ionic detergents (35) which will
be quenched by DIT (36). These radicals may lead to oxidation of the
catalytically important SH group and result in the irreversible loss of
deiodinase activity. Therefore, a DIT comcentration of 1 mM is mnecessary
to keep the deiodinase SH in a reduced form (37). Also the irreversible
oxldation of the PIU coupled to Sepharose is prevented by inclusion of DTT.
In spite of the high PIU concentration on the gel, binding of deiodinase
was slow and far from complete. Reasons for this may be that during
synthesis of this affinity gel oxidation of PIU has occurred which
diminished the actual concentration on the gel. Furthermore, steric
hindrance of the carbon spacer which connects the PIU to the gel may
interfere with a close interaction of PTU with the essential SH group of
the deiodinase. The purified £fraction of the PIU-Sepharose is still
contaminated with proteias with molecular weights of approximately 35,000
dalton. Further research leading to the ultimate purification of rat liver
iodothyronine deicdinase is necessary.

In conclusion, a useful strategy has been  developed for  the
purificatien of rat liver iodothyronine deiodinase which appears to be only
a minor component of the rat liver microsomal fraction as judgéd by
SDS~PAGE and affinity labeling with BrACT3 (23). Also calculations based
on the specific incorporation of iodo{SH]acetate into renal microsomes with
roughly equal specific deiodinase activity shows that the deiocdinase is

only about 0.013% of the total renal membrane protein. This was based on
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the assumption of an equimolar iIncerporation of the iodoacetate and a
molecular weight of 50,000 for the deiodinase (7). In that case only one
subunit of 25,000 should react with the affinity label BrAcT4. The equal
enrichment of both 5'—-deiodinase and 5-deiodinase activities as measured by
rTy and T, sulfate conversiom, respectively, in the PITU-Sepharose fraction
supports the hypothesis of a single liver enzyme which is able to catalyze
both deiodinations. This dis in contrast with the specific 5'-deiodinase
activities found irn pituitary and cerebral cortex and the specific
S5-deiodinase activities of cerebral cortex and placenta of the rat (38~40).
The exact underlying catalytic mechanlsm of the liver enzyme has yet to be
elucidated.
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SUMMARY

Thyroid hormene plays an essential role in the maintenance of 2 basal
metabolic rate and promotion of growth and development. The ultimate
effects of thyroid hormone are mediated by the biclogically active
3,37, 5-triiocdothyronine (T3) which 1is produced mainly by enzymatic
delodination of thyroxine (TA) in extrathyroidal tissues. The 1iver and
kidneys are thought to be essential for maintaining plasma T, levels and
thereby regulate all metaboliec processes in  tissues that  depend
predominantly on plasma Tg5. The aim of this thesis is to contribute to the
knowledge about the thyroid hormone deiocdinating emzyme of rat liver in
order to get more insight in the processes that are involved with changes
in the plasma thyroid hormone levels.

Chapter I provides a general introduction to symthesis and metabolic
pathways of thyroid hormone. Under physiological conditions I, is
converted at roughly equal proportions either by 5'-deiodination to T3 or
by 5—-deiodination te 3,3",5"~triiodothyronine (rT3). Although deiodination
is the major pathway for T,, some 20% is metabolized by conjugation, ether
link cleavage or oxidative deamination.

In chapter II recent literature on the metabolism of iodothyronines by
the liver is reviewed. Increasing evidence becomes available indiéating a
regulatory role for the plasma membrane in the cellular uptake of
iodothyronines. Nowadays consensus is achieved that a single rat liver
enzyme converts iodothyronines by either 5'- or S~deiodination. This
enzyme is a normal constituent of the endoplasmic reticulum and needs the
reductive equivalents of thiol-containing compounds for catalytic activity.
It is concluded from kinetic measurements that the enzymatic delodination
follows a ping-pong mechanism with an essential sulfhydryl group in the
enzyme as the acceptor of the leaving iodine atom. The liver enzyme,
called type 1 deiodinase, is distincet from the type II deiodinase and the
type III  deiodinase, a specific 5'-deiodinase and a 5-~deiodinase,
respectively. At last, factors that may control the defodinase activity in
vivo are discussed.

Chapter IIT deals with the chemical synthesis of sulfate esters and

sulfamates of iodothyronines. A convenient method is developed for both
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sulfation and purification. The conjugates are further characterized by
'H-NMR, HPLC and hydrolysis by acid or sulfatase activity. The sulfare
esters exhibited low crosg-rectivities in the radicimmuncassays for the
native compounds. The so obtained pure sulfate esters are more prone to
deiodination than the native iodothyronines as is described in chapter IV
for rT, and T, sulfate. The efficiency of the 5-deiodination of T, sulfate
is increased 200~fold whereas 5'—deiodination is undetectable. Evidence is
presented that Ty sulfare is deicdinated by the same type I deiodinase that
mediates the deiodination of native iodothyronines.

In chapter V the presence of an active site histidine residue 1is
‘described using chemical wodification of the deiodinase with
diethylpyrocarbonate or rose bengal. This histidine residue mnay be
important in the substrate binding or may increase the nucieophilicity of
the catalitically important sulfhydryl group by hydrogen bond formation.

Derivatization of T, by introduction of a bromoacetyl group in the
alanine side chain yields an affinity label that binds to the active site
of the enzyme as described in chapter VI. Analysis of 12SI—BrAc'I3 labeled
microsomes by gel electrophoresis strongly suggests that the delodinase is
composed of two subunits with a molecular weight of approximately 25,000
dalten. -

Finally, chapter VII and VIIL contain studies to the solubllization and
purification of rat liver iodothyronine deiodinase. Using solubilization
with cholate, delipidation by ammonium sulfate precipitation, renewed
solubllization with Emulgen, and subsequent ion—exchange chromatography on
DEAE-Sephacel and Cellex~P, followed by affinity chromatography on
T3—Sepharose and  PTU-Sepharcse, a 2400 times purified deiodinase
preparation is obtained. This preparation, which is approximately 50%
pure, is both enriched in 5'- and 5—-deiodinating activity, providing .
further evidence for a single rat liver iodothyronine deiodinase.

In conclusion, progress is made im the purification of rat 1liver
iodothyronine deiodinase which is an enzyme that is capable to activate the
prohormone T, to T3, but is also involved in degradative pathways of
thyroid  hormone. Especially sulfation increases the formation of
iodothyronines that are bioclogically inactive. The ultimate answer how one

enzyme 1is capable to deiodinate T, alternately to Ty or rT, awaits the
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final purification of the enzyme and more information on substrate binding

to the enzyme.
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SAMENVATTING (VOOR NLET INGEWIJDEN)

Dit hoofdstuk is bedoeld wvoor hen die zich niet dagelijks met
schildklierhormoon bezighouden, en wil inzicht verschaffen in het doel en
de resultaten van het onderzoek zoals dat in dit proefschrift te wvinden is.
Allereerst zal er worden ingegaan op de vraag wat schildklierhormoon is.
Daarna zal het wverband worden gelegd tussen de schildklier en het
dejoderende enzym uit de rattelever, gevolgd door het becogde doel van het
onderzoek. Vervolgens zullen eigen waarmemingen wat betreft de samenhang

tussen conjugatie en dejodering van schildklierhormoon besproken worden.

Tot beslult zal de werking van het dejoderende enzym en de zuivering ervan

worden samengevat.
Schildklierhormoon

Het schildklierhormoon speelt een essentiele rol in de handhaving wvan
een basls niveau in de gstofwisseling en de stimulering van groei en
ontwikkeling. Vrijwel alle effekten worden gemedieerd door de biolegisch
aktieve vorm, het 3,37,5-triiodethyrominme of kortweg T,. Ongeveer 20% wvan
het in het plasma voorkomende T3 komt direkt wuit de schildklier. De
resterende 80% wvan het circulerende T4 is afkomstig van eem enzymatische
dejoderings stap van het prohormoon thyroxine, Lkortweg T4 genoend, dat
alleen door de schildklier wordt gemaakt. T, 1is een molekuul dat
gekenmerkt wordt door een dubbele ring structuur die vier jodium atomen
bevat f{zie figuur). Afsplitsing van een jodium atoom uit de "buiten" ring
geeft het bioclogisch aktieve Ty, terwijl dejodering van de "binnen” <ring

het omgekeerde of "reverse” Ty oplevert.

L cH -CH-C00°
| o

NH3
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Het schildikijerhormoon dejoderende enzym uit de rattelever

Op vele plaatsen in het lichaam kan de omzetting wvan T, =naar Tj
plaatsvinden. Gezien echter de hoge concentratie van dejoderend enzym in
de lever en nieren worden deze organen verantwoordelijk geacht wvoor een
groot deel van de produktie van het plasma Ts- Daarbij is de lever een wvan
de grootste organen uit het menselijk Ilichaam en is verantwoordelijk woor
tal wvan stofwisselings processen. Hiertoe beheort het uit het bloed
opnemen van slecht in water oplosbare stoffen en de omzetting ervar in meer
water oplosbare, beter uit te scheiden verbindingen door middel van ©0.a.
sulfatering, glucuronidering of hydroxylering. Voor dit doel beschikt de
lever over een uitgebreid “bicotransformatie” systeem van katalytisch
aktieve eiwitten (enzymen) die zich voor een deel in membranen binnenin de
cel bevinden. Hiertussen bevinde zich ook het enzym dat T, karn omzetten in
zowel T3 als reverse T3. Uit onderzoek is gebleken dat de rattelever een
enzym bevat met gelijke karakteristiekem als het dejoderend enzym uit de
humane lever. Hierdoor lijkt de rat e¢en goed model te zijn om de

enzymatische omzetting van T, te bestuderen.
Doel van het onderzoek

Uit vooronderzoek was gebleken dat de rattelever cen enzym bevat dat T,
zowel kar aktiveren (T3} als inaktiveren (reverse T3). Dit onderzoek werd
geéntameerd om de manier waarop het enzym werk:t verder te bestuderen en om
door scheiding wvan het dejoderend enzym van andere eiwitten te komen tot
een gezuiverd enzym preparaat. Hiervoor is steeds gebruik gemaakt van <een
gedeeltelijk gezuiverde mewbranem  fraktie die werd gewonmen uit
fijngemazkte ratte levers. Deze ruwe fraktie is gebruik: wvoor het
onderzoek mnaar de relatie tussen sulfatering en dejodering, beschrijving
van het enzym door chemisch het enzym te veranderen en diende tevens als

ultgangsmateriaal voor de zuivering.
Conjugatie en dejodering van schildklierhormoon

Via onderzoek is aangetoond dat sulfatering van Ty of van 3,37-T, de
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molekulen op zo'n manier veranderde dat deze opeens veel beter gedejodeerd
werden. Voor verder onderzoek hebben we een chemische methode ontwikkeld
om grote  hoeveelheden zuiver gesulfateerd  schildklierhormoon  te
vervaardigen. Met geavanceerde chemische technieken zijn deze verbindingen
nader gekarakteriseerd. Het synthetische T4 sulfaat is gellijk aan het door
levercellen in vitro gevormde Ty sulfaat. Het ©Dleek dat deze sulfaat
verbindingen niet storend werkem in de bepaling van schildklierhormoon
zoals dat routinematig in vele laboratoriz plaatsvindt.

Dejoderings experimenten met synthetisch T4 sulfaat lieten zlen dat ook
hier sulfatering stimulerend werkt op de snelheid van dejodering in de
binnenring. Tegelijkertijd werd eghter de dejoderings snelheid wvan de
buitenring vertraagd tot niet wzar te nemen omzettingen. Duidelijk werd
dat in dit geval door sulfatering de dejoderings reactie specifiek is
geworden. Gepostuleerd is dat deze specificiteit wordt wveroorzaakt door
een veranderde binding aan het enzym waardoor de ene reaktie wordt
bevoordeeld ten koste van de andere. Het gevormde reverse T3 sulfaat bleek
een even goed substraat voor bultenring dejodering te zijn als het niet

geconjugeerde reverse T3.
Beéchrijving van het dejoderend enzym

Door middel wan specifieke chemische veranderingen in het enzym is
onderzoek gedaan naar aminozuren die van belang kunnen zijn voor de binding
van schildklierhormoon aan het enzym, of betrokken zijn bij de katalyse van
het dejoderings proces. Zo dis gebleken dat het aminozuur histidine een
essentiele rol speelt in dit enzym. Uit ander onderzoek was aangetoond dat
het engym tevens een uiterst belangrijke sulfhydryl groep bevat. Met
gegevens uit de literatuur over enzym mechanismen is voorgesteld dat dic
histidine residu het overnemen van een Jodium atoom wvan het hormoon
molekuzl door de sulfhydrylgroep van het enzym kan bevorderen.

Door het Tq molekuul in de zijketen met een reaktieve broomacetylgroep
te verbinden, werd een stof gesynthetiseerd die tijdens incubatie met enzym
hiermee een niet los te maken complex vormde. Hierdoor werd de aktiviteit
van het enzym volledig geremd. Omdat een van de jodium atomen van het T

door een radioaktief jodium atoom was vervangen, kon de plaats van het
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dejoderend enzym gedurende zuiverings experimenten worden vervelgd. Het
is daardoor gebleken dat het dejoderende enzym uit ten minste 2 kleinere
eiwitten is opgebouwd.

Zuivering van het dejodase

Het dejodase is ingebed met tal van andere enzymen in de membramen van

het endoplasmatisch reticulum. Om het dejodase te kunnen scheiden van

andere enzymen moet het eerst uilt deze membranen worden gehaald met
speciale detergenten. Onderzocht is welk detergent het meest geschikt is
voor deze extractie. Het enzym dat zich door de solubilisatie niet meer in
zijn patuurlijke omgeving bevindt kan daardoor nogal instabiel wordem. Uit
onderzoek zijn de juiste omstandigheden gevonden om het dejodase aktief te
houden. Het detergent Emulgen (vgl. emulgeren) is hiervoor het meest
geschikt. Met behulp wvan meer en wminder specifieke zuiverings methodieken
is het dejodase tot een redelijke mate van zuiverheid gebracht. De wvoor
ongeveer 507 zuivere fraktie was nog steeds in staat om zowel buitenring
als binnenring dejoderingen te katalyseren. Verder onderzoek zal moeten
leren of selektieve manipulatie var deze dejoderingen tot de mogelijkheid

zal kunnen behoren.
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CAminozuur

Conjugatie

Dejodase

Detergent

Eadoplasmatisch reticulum

Enzym

Membraan

Stofwisseling

Solubilisatie

Element waaruit een eiwit 1s opgebouwd

Het door enzymatische omzetting beter

water oplosbaar maken van verbindingen

Enzym dat de afsplitsing van een

jodium atoom versneld

Stof die de oppervlaktespanning

verlaagt; zeep

Netvormig stelsel van membranen

bilnnenin de cel

Een ejiwit dat ervoor zorgt dat een
chemische reaktie die uit zichzelf

traag verloopt, versneld wordt

Vlies van vettige stoffen die o.z. de
cel omsluit, maar ook bhinmenin de cel

afgesloten compartimenten vormt
Omzetting van voedingsmiddelen in voor
het lichaam bruikbare verbindingen

waarbij tevens warmte vrijkomt

Het in oplossing brengen van het enzym
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