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Biology 

(ABSTRACT) 

The characteristics of 5’deiodinase (5’D) were studied in the postmitochondrial fraction 

(PMF) of liver homogenates from adult and developing ring doves (Streptopelia risoria). The 

5’D assays were performed in the presence of abundant substrate, reverse triiodothyronine 

(rT3), cofactor (dithiothreitol) and trace amounts of I'*°-rT3. 5’D activity was measured as |'?5 

released from the labelled rT3 during the assay incubation time. The 5’D assay was validated 

for all ages studied to assure that the initial reaction velocity of the enzyme was measured. 

Using the validated assay conditions the following characteristics were found in adult doves: 

the apparent K,, was 0.44 uM rT3, Vijay Was 255 pmol rT3 degraded/min-mg PMF protein. The 

5’D activity was completely inhibited by 1.0 mM PTU and 50% inhibited by the addition of 18.0 

EM thyroxine (T4) in the presence of 4.0 nM rT3. Activity was maximal at pH 8.04 and at 37.5 

C. 

The K,, of the enzyme did not change throughout development (1 day prehatch to adult). 

The 5’D specific activity (rT3 degraded/min-mg PMF protein) was highest during early devel- 

opment (1 day prehatch to 7 days post-hatch), after which it gradually decreased with in- 

creasing age. The liver 5’D activity/gram of body weight was highest during the first seven 

days posthatch. This period of high potential triiodothyronine (T3) production corresponds 

with the observed period of greatest increase in plasma thyroid hormone concentrations dur- 

ing the first 6-8 days posthatch in ring doves.



These results are the first demonstration of initial velocity 5’D activity during development 

in an altricial bird species and demonstrate a correlation between hepatic 5’D activity and 

plasma thyroid hormone concentrations during development in ring doves.
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Chapter | 

INTRODUCTION 

The most important source of plasma triiodothyronie (T3), the active thyroid hormone, is 

considered to be the hepatic 5’-monodeiodination of thyroxine (T4). This reaction, catalyzed 

by the 5’deiodinase enzyme, removes an iodide atom from the 5’ position of the T4 molecule. 

The patterns of 5’deiodinase activity during development have been examined in a wide 

range of mammalian species with different modes of development (Leonard and Visser, 1986). 

In birds, however, most of the developmental 5’deiodinase studies have focused on precocial 

galliform birds. Many of these avian 5’deiodinase studies used the same experimental pro- 

tocols that were used in the mammalian studies, without demonstrating that these protocols 

measured enzyme activity under initial velocity (zero order) conditions (see review by McNabb 

and Freeman, 1990). In many cases the avian 5’deiodinase studies were not measured under 

appropriate conditions, so the results must be questioned. 

Our laboratory has been examining the differences in thyroid hormone dynamics between 

precocial and altricial avian development, using Japanese quail and ring doves respectively. 

These two species were chosen because of similarities in adult weight, egg weight, and in- 
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cubation period. In addition to characterizing hepatic 5’deiodinase during development in 

Japanese quail (Hughes and McNabb, 1986; McNabb et al., 1986; Freeman and McNabb, in 

review) we have conducted the only study which has examined 5’deiodinase patterns during 

development in an altricial bird species (ring doves; McNabb and Cheng, 1985). That study 

was unable to correlate hepatic 5’deiodinase activity with the plasma thyroid hormone pattern 

during development, which may have resulted from the failure to use initial velocity conditions 

in the enzyme assay. 

The objectives of the present study were: 1) to establish an assay protocol which would 

measure hepatic 5’deiodinase activity in ring doves under initial velocity conditions, 2) to 

characterize the hepatic 5’deiodinase enzyme in altricial ring doves for comparison with work 

on precocial birds, and 3) to reinvestigate hepatic 5’deiodinase activity during development 

in ring doves using validated, initial velocity conditions. 
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Chapter Il 

LITERATURE REVIEW 

General Thyroid Endocrinology 

The hormones of the thyroid gland (TG) affect a wide variety of tissues and include effects 

on development and metabolism. Because the variety of thyroid hormone (TH) actions is so 

widespread, it may be that THs influence cellular metabolism at a basic level from which all 

other metabolic effects stem. The mechanism whereby THs influence cellular events is the 

binding of T3 to intracellular nuclear receptors, which then trigger changes in mRNA tran- 

scription and protein translation. This results in the increased production of specific proteins, 

such as enzymes or receptors for other hormones. The influence of THs on protein production 

and metabolism also may explain the potentiating effects TH have on other hormone systems, 

although how this mechanism triggers all TH effects is not clear. 

The two major hormones of the thyroid gland are thyroxine (T4) and triiodothyronine (T3). 

The concentrations of plasma T4 are much greater than those of T3; approximately 1/5 of T3 

is of thyroidal origin, the remainder is produced by the extrathyroidal 5’-monodeiodination of 

T4 to T3 (Burger, 1986). 
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The thyroid gland, which produces THs is paired or lobed in the higher vertebrates, de- 

pending on the species, and consists of many follicles encapsulated within a connective tissue 

sheath. A dense capillary network surrounds each follicle. Both the follicular cells and the 

vascular cells are innervated by the sympathetic nervous system, although the effect of the 

nervous system on TH release is not clear. Each follicle consists of a colloid-filled lumen 

surrounded by a single layer of epithelial cells. The follicular cells synthesize thyroglobulin, 

a glycoprotein containing numerous tyrosine residues. Inorganic iodide transported into the 

follicular cells is bound to the tyrosine residues of the thyroglobulin to form monoiodotyrosine 

and diiodotyrosine. The thyroglobulin is released into the lumen of the follicle where T4 and 

T3 are synthesized from the combination of iodinated tyrosines within the thyroglobulin mol- 

ecule and remain in that storage site until secreted. A dense capillary network surrounds 

each follicle. Both the follicles and their vasculature are innervated by the sympathetic nerv- 

ous system, although the effect of the nervous system on TH release is not clear (see reviews 

by Gorbman, 1983; Norris, 1985). 

Colloid droplets from the lumen are engulfed by the follicular cells which combine the 

droplets with lysosomes whose enzymes hydrolyze the thyroglobulin and release the TH 

which then diffuse into the capillaries around the follicles. The production and release of the 

THs into the circulatory system is controlled by thyroid stimulating hormone (TSH) from the 

pars distalis, which is in turn regulated by thyrotropin releasing hormone (TRH) from the 

hypothalamus. TRH stimulates TSH release, which promotes TH production and release by 

enhancing iodide uptake and all aspects of hormone synthesis. Thyroid hormones modulate 

TSH and TRH production and release by negative feedback effects on the pituitary gland and 

hypothalamus (Norris, 1985). Factors that may influence the control of thyroid activity through 

the hypothalamo-pituitary-thyroid axis include environmental changes in photoperiod and 

temperature (review by Sterling and Lazarus, 1977), as well as internal changes in 

hypothalamic rhythmns and nutritional status (Eales, 1988). 
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Thyroid Hormone Receptors 

T3 Versus T4 Potency. There has been speculation in the past about the relative physio- 

logical potency of T4 and T3. However, it now generally is agreed that T3 is the physiologically 

active hormone, and T4 is a prohormone (review by Oppenheimer et al., 1987). T4 is con- 

verted to T3 extrathyroidally by 5’monodeiodination. As early as 1953 it was shown that T4 

could be converted to T3 extrathyroidally (Gross and Pitt-Rivers, 1953) and that the activity of 

an administered dose of T4 was equal to the fraction of T4 converted to T3 (Bernal and 

Escobar del Rey, 1975). Most important, of the cellular binding sites for TH, only nuclear T3 

receptors meet the criteria for acceptance as receptors. These T3 binding sites are located 

in the nucleus, associated with the chromatin fraction and belong to the class of nonhistone 

chromatin proteins (Surks et al., 1973). 

Nuclear Receptors The TH receptors have at least ten times the affinity for T3 than T4. 

The nuclear T3 receptors exhibit high affinity, low capacity binding of T3, and there is a strong 

correlation between nuclear binding of analogs and their thyromimetic effects (Oppenheimer, 

1979). The presence of these specific binding sites have been demonstrated in rat liver and 

kidney nuclei (Oppenheimer et al., 1972), as well as the nuclei of brain, heart, spleen, lungs 

and anterior pituitary (Oppenheimer, 1983). Nuclear T3 receptors also have been demon- 

strated in birds (see review by Bellabarba et al., 1988), amphibians (see reviews by Galton, 

1983; 1988) and fish, including primitive cyclostomes (Weirich et al., 1987). The receptors in 

all other vertebrate classes are identical to the mammalian T3 receptor and thus appear to 

have an early evolutionary origin. Definitive T3 receptors have been demonstrated only in 

nuclei, although there is less convincing evidence for T3 receptors in other cellular locations. 

Mitochondrial binding sites have been suggested (Sterling et al., 1977); however, other inves- 

tigators have been unable to confirm this. These cytosolic T3 binding sites also have been 

examined by some investigators, but these do not appear to be hormone receptors, as they 

have low TH binding affinity, high TH binding capacity, there is no correlation between analog 
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binding to these sites and biological activity, and there is an equal affinity for T4 and T3 

(Galton, 1983; Oppenheimer, 1983; Samuels, 1983). 

Potential sources of T3 may be the pool of plasma free T3, or that produced within the cell 

by 5’-monodeiodination of T4. While T3 readily diffuses into the cell and may reach the 

receptors in this way, transport of T3 into the cell may rely on a high capacity, low affinity 

ATP-dependent transport system (Krenning and Docter, 1986). There also is evidence for an 

energy-dependent stereospecific transport system which transports free T3 from the 

cytoplasm to the nucleus (Oppenheimer et al., 1987). 

Molecular Basis for Thyroid Hormone Actions. T3 binds to the receptor in the nucleus, and 

the T3-nuclear receptor complex directly or indirectly stimulates the production of specific 

mRNA sequences. The biological responses to T3 are mediated by the altered levels of spe- 

cific mRNA sequences induced by T3 (Oppenheimer, 1987), resulting in the production of 

specific proteins such as enzymes which regulate metabolic processes within the cell, or 

protein hormones or peptides which exert regulatory effects on different tissues. Furthermore, 

some proteins may be membrane bound, such as NA*,K*,-ATPase or catecholamine 

receptors which have additional effects on cellular metabolism, function and sensitivity to 

other hormones (Samuels, 1983). 
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Physiological Actions of T3 

The wide range of physiological actions affected by T3 may be due directly to the 

nuclear-directed synthesis of specific mRNA’s leading to the production of thyroid-induced 

proteins, or may be the result of indirect actions the proteins produce when reacting with other 

hormone systems. These indirect TH effects are refered to as permissive or potentiating ef- 

fects of thyroid hormones, and they serve either to “prime” a cell or tissue to the effects of 

other hormones, or to work synergistically with another hormone. The actions of THs may be 

divided into two main categories: developmental (effects on growth and differentiation) and 

metabolic (effects on O, consumption and nutrient metabolism). 

Developmental Effects. Historically, one of the first developmental actions of THs to be 

examined was the influence on amphibian metamorphosis. Young tadpoles were found to 

undergo premature metamorphosis after feeding on mammalian thyroid tissue (Gudernatsch, 

1912). Later, it was discovered that thyroidectomized tadpoles, or those treated with chemical 

goitrogens, failed to metamorphose - but continued to grow in size (Allen, 1932; Weber, 1967). 

More recently, it has been shown that the morphological and biochemical changes associated 

with amphibian metamorphosis are dependent on the production of thyroid induced proteins, 

such as enzymes of the newly developing urea cycle, hepatic hydrolases, increased synthesis 

of intestinal proteases and decreased synthesis of carbohydrases associated with the change 

in diet as well as increased proteolysis of caudal tissue (see review by Galton, 1983). The 

effects of THs on metamorphosis in other vertebrate classes is less clear; although, THs do 

have definitive effects on other aspects of development in other vertebrates. 

Other developmental effects of THs on vertebrates encompass both growth and differen- 

tiation. The THs influence growth (increase in mass and length of a tissue due to an increase 

in cell number, size or both), which is positively TH dependent after birth. Young mammals 

thyroidectomized soon (2-3 weeks) after birth exhibit dramatically diminished growth rates 

(Schwartz, 1983). Thyroid hormones alone do not seem to stimulate significant growth, how- 
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ever. Growth hormone, administered alone to hypophysectomized-thyroidectomized rats 

stimulates a substantial increase in growth while THs alone stimulates minimal or no growth 

(Scow, 1959). Animals given both hormones together achieve substantially higher growth 

rates than did those animals which received either hormone atone (Schwartz, 1983). Thus it 

appears THs and growth hormone work synergistically, with THs enhancing the effectivness 

of growth hormone. The mechanism by which THs potentiate the actions of growth hormone 

is unknown, although it has been established that THs directly stimulate growth hormone 

production and release in mammals (Schwartz, 1983). Thyroid hormones also may be in- 

volved in the stimulation of growth hormone-dependent somatomedin production, thus aug- 

menting the actions of GH (Schwartz, 1983). 

Tissue maturation and differentiation seem to be more directly affected by THs than is 

growth. Postnatal skeletal differentiation and maturation are dramatically delayed by the ab- 

sence of THs, and ossification is irregular. (Schwartz, 1983; Legrand, 1986). Another tissue 

system dramatically affected by a lack of THs during development is the nervous system. TH 

deficiency results in abnormal development and functioning of the nervous system and im- 

paired mental capacity also is observed in hypothyroid adults (Norris, 1985). The most dra- 

matic effects of THs take place during the last of brain development, i.e. during the 

construction of the neuronal network. A wide range of nervous system cell types are affected, 

including the rate of migration of the granule cells in the cerebellum, neurite outgrowth and 

myelination, and number of glial cells present in the brain (Nunez, 1984). Improper develop- 

ment of the neuropile, decreased axonal density and myelin content and reduced dendritic 

spines of pyramidal cells are among the many manifestations of hypothyroidism during central 

nervous system development (Schwartz, 1983; Nunez, 1984). Other tissues requiring THs for 

proper maturation and functioning include the integument and its derivatives and the repro- 

ductive system (Legrand, 1986). 

Metabolic Effects. While THs are necessary for normal development, they are also required 

in the mature organism. In mammals, THs are known to induce a calorigenic or thermogenic 
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action as well as to affect carbohydrate, lipid and protein metabolism (Norris, 1985). Some of 

the metabolic effects of THs may be permissive actions occurring synergistically with other 

hormones. 

The heat generating actions of THs can be the result of several processes, such as in- 

creases in substrate cycles among tissues (ie. Cori, glucose-alanine, and free fatty acid- 

triglyceride cycles), and cellular ion and futile cycling (van Hardeveld, 1986). The increase in 

metabolic heat production may be in response to environmental cooling, with the extra heat 

being used to increase or maintain body temperature. THs also may determine mitochondrial 

oxidative activity indirectly by increasing active Na* transport and ATP hydrolysis, which may 

provide a proportion of calorigenic activity (Guernsey and Edelman, 1983; Ismail-Beigi et al., 

1988), although the importance of this pathway has been questioned (Oppenheimer et al., 

1987). The importance of THs in thermoregulation is clear, as thyroidectomy dramatically re- 

duces the ability to adapt to sudden decreases in ambient temperature, and causes a gradual 

reduction of cold induced non-shivering thermogenesis (Guernsey and Edelman, 1983). In 

mammals, TH activity also is generally greater during prolonged periods of cold stress, such 

as winter (review by Sterling and Lazarus, 1977) 

In addition to accelerating glucose oxidation, THs have other effects on carbohydrate and 

fat metabolism. Thyroid hormones may act synergistically with epinephrine in stimulating 

lipolysis and hyperglycemia (Norris, 1985). Hyperthyroidism results in an increased rate of 

glucose transport across the intestinal mucosa, elevated insulin secretion and glucose intol- 

erance. Hypothyroidism results in the opposite. In addition to altering glucose absorption and 

disposal, THs also increase hepatic gluconeogenesis and depletion of glycogen. It appears 

that THs have effects on carbohydrate and fat metabolism beyond those accomplished 

synergistically with epinephrine (see review by Mariash and Oppenheimer, 1983). 

The effects of THs on nitrogen metabolism and balance are wide and varied, depending 

on the dosage and tissue being examined. At moderate doses, THs have anabolic effects and 
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stimulate tissue growth and protein deposition resulting in a positive nitrogen balance. How- 

ever, at higher doses THs have catabolic effects and cause tissue wastage, especially in 

muscle resulting in a negative nitrogen balance. Both catabolic and anabolic actions of TH 

may be due partially to enhancing effects that are elicited by other hormones (see reviews 

by Gorbman, 1983; and Norris, 1985). 
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5’Deiodinase 

Administration of either T3 or T4 can result in physiological effects, but the activity of an 

administered dose of T4 is equal to the proportion of T4 converted to T3. The enzyme which 

catalyzes this reaction, known as 5’deiodinase (5’D), deiodinates T4 at the 5’ outer ring posi- 

tion. This enzyme system has been the subject of much investigation (see reviews by Kaplan, 

1984, 1986; Leonard and Visser, 1986; Hennemann, 1986 for mammalian 5’D; Decuypere and 

Kihn, 1988; Galton, 1988; McNabb and Freeman, 1990, for reviews on comparative 5’D 

studies). 

Pathways of deiodination. Outer ring deiodination (ORD) is an important pathway in the 

production of T3, the physiologically active hormone. Studies in several species, including 

man, indicate that up to 80% of T3 produced daily results from ORD of T4 in extrathyroidal 

tissues (Engler and Burger, 1984; reviews by Chopra et al., 1978; Kaplan, 1984; Hennemann, 

1986). Relative 5’D activity has been examined in a variety of tissues, including liver, kidney, 

muscle, heart, spleen, lung, brain and intestines, and the majority of 5’D activity occurs in liver 

and kidney (Chopra, 1977; review by Leonard and Visser, 1986). 

In addition to ORD, T4 is also subject to inner ring deiodination (IRD) at the 5 position (5D 

pathway). Both deiodinations are catalyzed by the same enzyme in liver. The product of this 

reaction is reverse triiodothyronine (rT3), an inactive T3 analog. Like T3, most of the rT3 in 

the plasma is produced by extrathyroidal deiodination of T4 (see reviews by Chopra et al., 

1978; Kaplan, 1984; Hennemann, 1986). Roughly equal amounts of T4 are deiodinated to 

produce T3 and rT3 (Engler and Burger, 1984; review by Burger, 1986). Because rT3 is inactive 

and has a rapid turnover rate, the 5D pathway may be considered an inactivating pathway 

which competes with 5’D, the activating pathway, for T4. Thus IRD may be modulating the 

production of T3 (reviews, Leonard and Visser, 1986; Kaplan, 1984). 
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Number of Deiodinative Pathways. To determine the number of enzyme pathways or 

possible isozymes involved in deiodination reactions (both ORD and IRD) the kinetic parame- 

ters of various deiodination reactions have been investigated in rat microsomes (Visser et 

al., 1979, 1982, 1983a). There may be as many as three types of deiodinases, some of which 

may perform both ORD and IRD (Visser et al., 1982, 1983a). These enzymes may deiodinate 

more than one substrate, as other studies indicate that T4 and rT3 are deiodinated at the 

5’position by the same enzyme (review by Hesch and Koerhle, 1986). Lineweaver-Burk anal- 

ysis of rT3 inhibition of T4 5’D demonstrated that rT3 is the most potent competitive inhibitor 

of several thyroid hormone analogues used, such as 13, 3’,5’T2, 3,3’T2, etc. (Chopra, 1977). 

Other studies confirm this (Heinen et al., 1980) and that T4 can inhibit rT3 5’D activity (review 

by Hesch and Koerhle, 1986). 

Cellular Deiodinase Location and Orientation. The subcellular localization of deiodinase 

activity has been examined in rat liver homogenates (Maciel et al., 1979). Nuclear, 

mitochondrial, microsomal, cytosol and plasma membrane fractions were incubated with ei- 

ther T4 or rT3 and the amount of product was measured by specific RIA. Various tissue frac- 

tions also were examined for the relative concentrations of a variety of enzyme markers. 5’D 

activity correlated best with marker enzymes associated with plasma membranes and micro- 

somes, suggesting that these are the two main sites of 5’D activity (Maciel et al., 1979). Other 

studies, however, have firmly established that hepatic 5’D activity is localized only in the 

microsomes (Balsam, et al., 1979; Kaplan et al., 1979, see review by Silva and Larsen, 1986), 

and more specifically in the endoplasmic reticulum (Auf dem Brinke et al., 1979; Fekkes et 

al., 1979, 1980). Deiodinase activity in other tissues such as CNS, however, may be associated 

with plasma and synaptosomal membranes (Hesch and Koerhle, 1986). 

The orientation of the enzyme appears to be cytosolic, as trypsin completely eliminates 

5’D activity in microsomal preparations and the pH optima for the enzyme is similar to that 

found in the cytosol rather than the lumen of the endoplasmic reticulum (Visser et al., 1983; 
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Chopra, 1977). As the enzyme is not solubilized by treatment with EDTA or KCL, it is thought 

to be an intrinsic membrane protein (Fekkes, 1980). 

Biochemical Characteristics. Rat hepatic 5’D has been partially characterized by 

solubilizing in cholate. The enzyme has an apparent molecular weight of 65 K, a Stokes radius 

of 36-38 A, and a sucrose gradient sedimentation coefficient of 4.38 (Fekkes, 1980). More re- 

cent research indicates that the holoenzyme has a molecular weight of 50K (Leonard and 

Rosenberg, 1981) with a 27 kilodalton subunit (p27) containing the active site (Safran et al., 

1990). Due to substantial inactivation of the enzyme during isolation procedures further pu- 

rification and biochemical characterization has proved difficult (Chopra, in press), as has 

identifying the genes which encode the enzyme. Partial complementary DNA clones (no. 23 

and 54 from the rat liver cDNA library) have been isolated for the hepatic 5’D enzyme, and 

further studies of these may enable the investigation of the genes which synthesize 5D 

(Boado et al., 1988). One such study developed an assay system using Xenopus laevis 

oocytes injected with rat mRNA which identified a 1.5-2.0-kilobase fraction of rat mRNA which 

was capable of inducing 5’D activity (St. Germain and Morganelli, 1988). 

Effects of Thiols on the Mechanism of 5’D Activity. Thiol reductants provide sulfhydryl 

groups which stimulate deiodination of TH and their analogs (Chopra, et al., 1978). There are 

two possible mechanisms by which sulfhydryl groups may stimulate deiodination; 1) They may 

alter the conformation of the enzyme and convert it to an active form, or 2) sulfhydryl groups 

may bind to the enzyme and act as cofactors, leaving the enzyme itself unchanged by the re- 

action (Chopra et al., 1978). Experimental evidence supports the cofactor theory, as thiouracil 

binds to enzyme preparations, forming an inactive protein-thiouracil mixed disulfide, sug- 

gesting that thiols activate the enzyme by reducing enzyme sulfhydryl groups which undergo 

reversible redox cycles (Leonard and Rosenberg, 1986). 

The sulfhydryl groups on the enzyme which undergo reduction by thiols may also be the 

same sites at which the goitrogen propylthiouracil {(PTU) binds and causes an inhibitory effect 
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on the enzyme. PTU inhibition of 5’D may be prevented or reversed by other thiols (Leonard 

and Rosenberg, 1978; Leonard and Visser, 1986). Carboxymethylation or N-ethylmaleylation 

of enzyme sulfhydryls irreversibly inactivates the enzyme, but prior exposure to PTU shields 

the enzyme from this inactivation. This suggests PTU inhibition of 5’D results from the forma- 

tion of disulfide bonds between PTU and the enzyme (Leonard and Rosenberg, 1980a). Further 

evidence for this comes from Lineweaver-Burk analysis of PTU inhibition, which demonstrates 

that PTU is a non-competitive inhibitor of 5’D, indicating that the active site of PTU inhibition 

is not the substrate binding site (Chopra, 1977, Leonard and Visser, 1986). 
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Pathways and Tissue Distribution of 5’D and 5D in Mammals 

The majority of 5’D studies have been done in mammals, primarily rats. Three deiodination 

pathways have been described in mammals, distinguished by differences in deiodination po- 

sition, substrate preference, kinetic characteristics, susceptibilty to inhibition, and product 

destination (Kaplan, 1984; Leonard and Visser, 1986). Type | is responsible for the greatest 

amount of deiodinase activity, and is prevalent in liver, kidney and thyroid. Type | can perform 

both ORD and JRD reactions, although little is known about what conditions favor which re- 

action. Slightly alkaline conditions (pH > 8.0) appear to favor the IRD reaction while slightly 

acidic to neutral conditions (pH 6.5-7.5) favor the ORD reaction (Hesch and Koehrle, 1986). 

The substrate preference of the type | pathway is rT3>T4>T3. Type | exhibits a ”ping-pong” 

type of kinetic pattern and has a K,, for T4 in microsomal preparations of ~1 uM. Activity of 

the type | pathway is completely inhibited by both PTU and iopanoic acid (IOP; a 

cholecystographic agent). 

The type {I pathway is considered a true 5’D since it only catalyzes ORD and prefers T4 (the 

substrate that produces the active TH) over rT3. The type II pathway is present in pituitary, 

brain and brown adipose tissue. Type || has a sequential kinetic pattern and a much lower 

Ky, (~1 nM T4) than type |. [OP completely inhibits type Il activity while PTU has no effect on 

this pathway. In addition to differing characteristics, these two pathways differ with respect 

to product destination. T3 produced by type | is largely exported to the circulation while T3 

produced by type II remains largely in the cells where it is produced. 

Least studied of the three pathways is type Ill, present mainly in the CNS and placenta. 

Type lil is a deactivating pathway, as it catalyzes IRD only, preferring T3 over T4 as a 

substrate. The products (T2 and rT3) of this pathway are physiologically inactive. Type Ill is 

similar to type Il in that it displays a sequential kinetic pattern, has a relatively low K,, (~40 

nM T4) and is inhibited by {OP but not PTU (Huang, et al., 1986; reviews by Leonard and Visser, 

1986; Hesch and Koerhle, 1986, Kaplan 1986). All three deiodinases are stimulated by thiol 

LITERATURE REVIEW 15



reductants, and dithiothreitol (DTT) is a commonly used synthetic cofactor for in vitro 

deiodinase assays. The native cofactor has not been definitively identified but it has been 

suggested that glutathione may participate in vivo as a cofactor with renal and hepatic low 

K,, 5’D at physiological concentrations of enzyme and substrate (Goswami and Rosenberg, 

1988). 
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Avian 5’D Studies 

Extrathyroidal T4 to T3 conversion in birds was demonstrated initially by in vivo exper- 

iments using thyroidectomized ducks (Astier and Newcomer, 1979). Plasma T3 and T4 con- 

centrations were measured daily in intact drakes and thyroidectomized drakes which received 

daily T4 supplementation. 1T3/T4 ratios remained the same in thyroidectomized birds receiving 

T4 and intact controls, which strongly suggested that essentially all T3 was produced 

extrathyroidally by T4 deiodination (Astier and Newcomer, 1979). More direct measurments 

of 5’D activity have since been made in chickens (see review by Decuypere and Kihn, 1988), 

quail (see reviews McNabb, 1988; McNabb and Freeman, 1990) and ring doves (McNabb and 

Cheng, 1985). 

Most of the initial deiodinase work was done in mammals, and comparative studies in other 

classes of vertebrates, including birds, were patterned after the mammalian studies. Unfor- 

tunately, most of these comparative studies used the same experimental procedures as the 

earlier mammalian studies without validating assay conditions to assure that enzymatic ac- 

tivity was measured under initial velocity conditions (McNabb and Freeman, 1990). Even in the 

mammalian literature, many studies of 5’D, including developmental ones, have been per- 

formed using protocols without validation (see Wu et al., 1986 for critque of Chopra, 1978). 

Validation studies must demonstrate that enzyme activity is proportional with enzyme 

concentration and linear with assay incubation time (Engel, 1981). It is necessary to validate 

assay conditions with each new species, treatment, or enzyme system studied, and caution 

must be used in interpreting data from comparative 5’D studies (McNabb and Freeman, 1990; 

Freeman and McNabb, in review). 

Measurements of deiodinase activity in birds demonstrate that it is similar to the 

deiodinases in mammals (Rudas, 1986; McNabb et al., 1986; Galton and Hiebert, 1987; reviews 

by Decuypere and Kishn, 1988; McNabb and Freeman, 1990). 5’D activity has been found in a 
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variety of avian tissues. Most extrathyroidal 5’D in birds is found in liver and kidney and is 

PTU sensitive (Decuypere et al., 1986; McNabb et al., 1986; Rudas, 1986). PTU-insensitive (type 

Il) activity has been reported in chicken brain and pituitary tissue (Decuypere et al., 1986) and 

in quail liver represents up to 30% of total 5’D activity (Hughes and McNabb, 1986): 

PTU-insensitive (type Il) is generally believed to be lacking in mammalian liver. The presence 

of PTU-insensitive activity in avian hepatic tissue may be the result of an experimental artifact, 

as a study of rat renal type | activity has shown that at low DTT concentrations (<5 mM DTT), 

type | 5°D may appear to be PTU insensitive (Silva et al., 1987). 

5D activity has been demonstrated in the liver tissue of chicken embryos (Borges et al., 

1980; Galton and Hiebert, 1987). 5D activity is apparently highest during embryonic develop- 

ment but drops steadily during the perinatal period, at which time 5’D activity becomes the 

predominant pathway (Borges et al., 1980; Galton and Hiebert, 1987; Reviews by McNabb, 

1987; Decuypere and Kihn, 1988) 
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Thyroid Function and Patterns of Avian Thyroid Development 

Modes of Avian Development. Developmental patterns among birds are classified ac- 

cording to the relative maturity of the bird at hatching. As a class, birds exhibit a wide range 

of developmental patterns. At one end of this range are birds which undergo precocial de- 

velopment, characterized by young that can leave the nest shortly after hatching and can lead 

independent lives, although they usually have some form of parental care (brooding, guarding, 

food finding) available to them. At the other extreme are birds which undergo altricial devel- 

opment, characterized by blind and naked nestlings that remain for a length of time in the 

nest, which are totally dependent on their parents for food and warmth. Although there exists 

many patterns of avian development intermediate between these two extremes (see Nice, 

1962 for a breakdown of developmental modes and taxonomic class in birds), most bird spe- 

cies exhibit one or the other of these two developmental patterns. 

5’D Activity During Precocial Avian Development. Several of the avian 5’D studies have 

focused on the developmental shift from IRD to ORD during the perinatal period in precocial 

bird species (see reviews by McNabb, 1987; Decuypere and Kishn, 1988). An early study ex- 

amined deiodinase activity in liver from chicken embryos from day 8 of incubation to hatching 

(day 21) using a variety of labelled iodothyronines as substrates (Borges et al., 1980). The 

reaction rates and products were analyzed by paper chromatography. From day 8 of incu- 

bation up to the perinatal period (day 19) 5D was the predominant pathway of metabolism of 

T3 and T4. 5’D was present during this period, and was the sole pathway of degradation of 

rT3, although 5’D activity was relatively low prior to the perinatal period. 

During the perinatal period there was a progressive increase in 5’D and a decrease in 5D. 

The maturational changes in deiodinating pathways coincided with the penetration of the egg 

air cell by the embryo’s beak and the initiation of pulmonary respiration (Borges et al., 1980). 

That 5’D activity contributes to the perinatal peak of serum T3 in chickens has been suggested 

by an in vivo study using IOP to inhibit deiodination (Decuypere et al., 1982). Similar patterns 
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of 5’D development also have been found in Japanese quail (Hughes and McNabb, 1986). A 

more recent study in chicken embryos used rT3 as substrate and measured the labelled | re- 

leased (Galton and Hiebert, 1987). This study yielded similar results to the previous studies 

but also found that the increase in 5’D activity during the perinatal period was associated with 

an increase in the V,,,, of the enzyme by approximately 2X from 15 to 21 day embryos. The 

Ky, Of the enzyme (~0.143 uM rT3) did not change. 5D activity was highest on day 15 and 

decreased by more than 90% during the perinatal period entirely due to a decrease in V,,,,. 

These results indicate that the quantity but not the nature of the enzyme was changing. 

The characteristics of the enzymes (substrate preferences and effects of inhibitors) indi- 

cated that the enzymes measured were comparable to the mammalian type | enzyme system 

(Galton and Hiebert, 1987). it appears that the apparent absence or extremely low activity of 

T3 generation during avian development prior to the perinatal period is due primarily to the 

presence of 5D which rapidly converts T4 and T3 to inactive TH analogs. The decrease in 5D 

(IRD) activity and the increase in 5’D (ORD) activity during the perinatal peroid may be in re- 

sponse to: 1) the increased metabolic demands of the embryo during hatching and postnatal 

life, and/or 2) the activation of the hypothalamo-pituitary thyroid axis may stimulate an in- 

crease in substrate (T4) availability. The two enzymatic pathways (IRD and ORD) of the type 

| enzyme may be working synergistically to prevent accumulation of T3 and overexposure of 

sensitive tissues to T3 during development (Borges et al., 1980; Galton and Hiebert, 1987). 

In addition to age related changes in deiodinase activity, strain and growth related changes 

in chickens also have been investigated (see review by Decuypere and Kilhn, 1988). Several 

investigators have examined the effect of the sex-linked dwarf gene on TH dynamics during 

growth (May and Marks, 1983; Scanes et al., 1983; Stewart et al., 1984). In the various chicken 

strains used, lower plasma T3 levels and normal or increased T4 levels during growth have 

been found in sex-linked dwarf birds. These results have been found in discrete populations 

as well as in offspring from heterozygous males crossed with dwarf females (Huybrechts et 

al, 1986). Thyroid secretion rate was found to be slightly lower in dwarf birds, and no differ- 
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ences have been found in thyroidal content of TH or in plasma protein T4 binding capacity 

(Grandhi et al., 1975 a,b). Hepatic 5’D activity was found to be significantly reduced in dwarf 

birds compared to the control Cornell K strain of White Leghorns (Scanes et al., 1983). This 

comparison is questionable, however, as these two strains have been separated genetically 

for many generations (Decuypere and Kuhn, 1988). No differences in 5’D activity in various 

tissues were found between sex-linked dwarfs and control animals originating from crosses 

of heterozygous males and dwarf females (Decuypere et al., 1986). In chickens, there are 

strain differences in 5’D activity, but whether or not these differences are linked with the dwarf 

gene remains unclear. 

§’D Activity During Altricial Avian Development. While extrathyroidal TH dynamics in 

precocial galliform species have received much study, very little attention has been given to 

altricial bird species (McNabb, 1987). Only one study has attempted to relate thyroid function 

and 5’D activity during development of an altricial bird species (ring doves; McNabb and 

Cheng, 1985). This study measured thyroid gland TH content, plasma TH concentrations and 

5’D activity (measured by T3 production from T4) by RIA. Serum TH concentrations and 

thyroid gland content in doves during the perinatal period were low relative to those of 

precocial species and comparable to those of 10-11 day quail embryos (16.5 day incubation). 

However, the 13/T4 ratio was relatively high, approximately equal to that found in quail at 

pipping (McNabb, 1988). There was no evidence of a perinatal plasma TH peak in ring doves 

(McNabb and Cheng, 1985). Based on work done only on precocial species, it had been sug- 

gested that the perinatal peak in TH was necessary for hatching to occur (see review by 

Freeman, 1974), although this does not appear to be necessary for ring doves. More recently 

it was suggested that the perinatal peak in precocial species is more closely tied to the initi- 

ation of thermoregulatory responses (McNabb, 1988). 

TH concentrations in the plasma show a steady increase up to 6-8 days post-hatch in ring 

doves, after which TH concentrations begin to plateau at adult levels. This period generally 

corresponds to the period of initiation of thermoregulation by the nestlings and decreased in- 
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tensity of brooding by the parents (McNabb, 1988). Ring dove hepatic 5’D activity per gram 

of total body weight was highest during the first 3 days after hatching, then activity decreased 

until day 8 post-hatch, after which it remained stable (McNabb and Cheng, 1985). The 5’D 

activity results in this study do not seem to correspond with the plasma TH picture. This study 

did not use validated initial velocity assay conditions, however, and additional studies of ring 

dove 5’D activity are needed. 

The only other study examining extrathyroidal T4 to T3 conversion in an altricial bird spe- 

cies measured T3 produced from T4 administered to thyroidectomized redheaded buntings 

(Emberiza bruniceps) during different periods of the migratory cycle (Pathak and Chandola,   

1982). A significantly higher amount of T3 was measured (2.71 ng/ml) during the premigratory 

period than either the postmigratory or nonmigratory periods (0.28 ng/ml and 0.93 ng/ml re- 

spectively). 13/T4 ratios also were highest during the premigratory period. PTU adminis- 

tration (20 yg/bird/day) inhibited apparent 5’D activity during the nonmigratory period, 

although the same dose failed to inhibit both T3 production and T4 induced fattening during 

the premigratory period (Pathak and Chandola, 1982). These results suggest that 

extrathyroidal 5’D may be comparatively more active during the premigratory period than 

during other times of the year, although indirect assessments such as these must be inter- 

preted with caution. 
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Chapter Ill 

ASSAY VALIDATION AND CHARACTERIZATION OF 

HEPATIC 5’DEIODINASE ACTIVITY IN RING DOVES 

USING REVERSE-T3 AS SUBSTRATE. 

ABSTRACT 

Adult ring dove hepatic 5’-deiodinase (5’D) activity was studied in vitro using rT3 as 

substrate. A previous study of ring dove hepatic deiodinase in our laboratory did not include 

characterization studies and was unsuccessful in relating the pattern of 5’D development to 

that of plasma T3. In the present study we established valid assay conditions and 

characterized the hepatic 5’D in doves to provide a comparison with other avian species and 

for future use in developmental work. Our validation studies demonstrate that 5’D activity is 

proportional to enzyme concentration (as postmitochondrial fraction -PMF- protein) over the 

range measured (0-0.163 mg PMF protein/ml, representing 0-2.19 mg original tissue/ml). 
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Activity was linear with time from 5-30 min incubation at 0.163 mg PMF protein/ml. Our 5’D 

assays used 20 mM DTT; activity was maximal from 5-30mM DTT. Using the validated 

conditions the following characteristics were found: the apparent K,, was 0.44 uM rT3, Vinay 

was 255 pmol rT3 degraded/min-mg PMF protein, and activity was completely inhibited by 

1mM PTU. Activity was maximal at pH 8.04 and at 37.5 C (although this did not differ from 

activity at 41.5 C, the body temperature of doves). In summary, this study demonstrates 

conditions that measure 5’D at initial velocities in dove liver, and that the hepatic 5’D enzyme 

in ring doves is similar to the deiodinase activity in liver of galliform birds and mammals. 
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INTRODUCTION 

In mammals it generally is accepted that T3 is the active thyroid hormone that exerts 

physiological effects by binding to nuclear T3 receptors (see review by Oppenheimer et al., 

1987). Birds have nuclear T3 receptors, but T4 receptors are not present (Bellabarba et al., 

1988), so it appears that T3 is the key metabolically active hormone. 

In mammals, most T3 is formed in  extrathyroidal (extrathyroidal) tissues by 

5’-monodeiodination (5’D) of T4, with liver and kidney being quantitatively most important 

(Engler and Burger, 1984). Hepatic 5’D has received the most study. Mammalian hepatic 5’D 

has a high K,, (uM range), a substrate preference of rT3>T4>T3, is inhibited by 

propylthiouracil (PTU) and requires 1-5 mM dithiothreitol (DTT) as a sulfhydryl cofactor for 

maximal activity in vitro (see reviews by Kaplan, 1986; Leonard and Visser, 1986). 

All studies of avian hepatic 5’D activity, but one, have been restricted to galliform 

species with a precocial mode of development, specifically domestic chickens and Japanese 

quail (see reviews by Decuypere and Kihn, 1988; McNabb, 1988). The hepatic 5’D activity in 

galliform birds is similar to that in mammals with respect to K,,, substrate “preference” and 

cofactor requirements (McNabb et al., 1986; Rudas, 1986; Galton and Hiebert, 1987; Freeman 

and McNabb, submitted). Only one study has investigated hepatic 5’D activity in an altricial 

avian species (ring doves; McNabb and Cheng, 1985). That study, however, was unable to 

correlate the developmental patterns of hepatic 5’D activity with plasma thyroid hormone 

concentrations. 

Most of the studies examining 5’D activity in birds have not validated the assays used 

(see review by McNabb and Freeman, 1990). Such papers have not determined the conditions 

necessary for measuring enzyme activity under initial velocity conditions, a_ critical 

requirement for valid enzyme assays (Engel, 1981). Specifically, it must be demonstrated that 

the rate of enzyme activity is proportional to enzyme concentration and that enzyme activity 
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must be proportional (linear) with time for the incubation times used. The thiol (cofactor) 

availablity must be adequate to achieve these conditions. 

In the previous study of hepatic 5’D in ring doves (McNabb and Cheng, 1985), the assay 

employed 14 as substrate and was adopted without demonstrating that initial velocity 

conditions were achieved. Thus, the lack of relationship between plasma T3 patterns and 

hepatic 5’D activity during development could have resulted from inadequacies of the assay 

system. In the present study, our objectives were (1) to establish valid assay conditions for 

measuring dove hepatic 5’D activity, and (2) to characterize the activity for comparison of this 

altricial, columbiform species with previous work on precocial, galliform birds. These studies 

also will provide a lead-in to future re-examination of the developmental 5’D picture in ring 

doves. 
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MATERIALS AND METHODS 

Animals and Tissue Preparation 

Liver tissue was obtained from adult ring doves (Streptopelia risoria) from our breeding 

colony. The birds were maintained on a diet of white and red millet, sunflower seeds, and 

wheat (60:20:13:7, respectively), with water ad libitum and a 14L:10D photoperiod. The birds 

were killed by decapitation, the livers removed, rapidly washed in ice cold MOPS buffer (50 

mM morpholinopropane sulfonic acid with 1 mM EDTA at pH 7.4), blotted dry and weighed to 

the nearest 0.01 g. Samples were pooled from 5 or more birds. The tissue was homogenized 

in 3 vol of ice cold MOPS buffer on ice in a glass-glass homogenizer (Radnoti straight wall 

glass grinder). This resulted in a 25% (w/v) crude homogenate. A postmitochondrial fraction. 

{(PMF) of this homogenate was prepared in MOPS buffer by a modification of the procedure 

of Galton and Hiebert (1988). The homogenate was centrifuged at 12,100g, 4C for 2 min to 

precipitate nuclei, mitochondria and large cellular debris. The supernatant was collected, 

held on ice, and the precipitate was resuspended to the original volume with MOPS buffer and 

recentrifuged using the same conditions. The second supernatant fraction was added to the 

first, resulting in a PMF fraction representing 0.125 g original tissue/ml. Aliquots of 1 ml PMF 

were frozen in liquid nitrogen, then stored at -20C until use; enzymatic activity was stable for 

at least three months. Upon thawing for use in the assay, the tissue was further diluted in 

MOPS buffer to the concentrations required in the individual assays. 

Protocol for Assay of 5’D Activity 

The enzymatic activity of 5’D in liver tissue was determined by a modification of the 

method of Leonard and Rosenberg (1980). Incubation mixtures were prepared with tubes held 

on ice. The assay tubes received the following: 25 ul PMF, 20 ul dithiothreitol (DTT) in MOPS 

buffer, 1041 MOPS buffer with or without PTU, 20 ul high-purity unlabelled rT3 in MOPS buffer, 

and 5 ul high specific activity (SA) I'°-rT3 (approximately 200,000 cpm; SA, 1250 yCi/zg) for a 
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final assay volume of 80 uJ}. Unless otherwise specified the final concentrations were 4.0 pM 

rT3 and 20 mM DTT with 10 min incubation times. When all the components had been added 

to each tube, the tubes were vortexed and incubated in a shaking waterbath at 37.5C. The 

reaction was stopped by the addition to each tube of 20 yl ice-cold 4% BSA in MOPS buffer 

to bind up the THs, followed by 150 ul ice cold 20% TCA to precipitate the protein. Blanks, to 

correct for |'? contamination in the |'75-rT3 preparation, contained the same components as 

sample tubes, but the reaction was stopped immediately after the addition of substrate. 

Tissue-free blanks, incubated concurrently with the samples, confirmed that non-enzymatic 

release of |‘? did not occur under these conditions. The tubes were vortexed and initial 

counts were obtained. After counting, the tubes were centrifuged at 2,000g, at -10C for 30 min. 

A 170 ul aliquot of the resulting supernatant was loaded onto Biorad “Dowex” AG 50W-X8(H*) 

ion exchange columns (Biorad laboratories, Richmond, CA.) to separate the 1I'?° from the 

iodothyronines. The supernatant was followed by four 2 ml glacial acetic acid additions, each 

collected separately for counting convenience. These fractions were counted for 5 min. 

Labelled rT3 was purchased from New England Nuclear, Boston, MA. Prior to use in each 

assay, the |'?°-rT3 preparation was purified by high voltage paper electrophoresis (method of 

Leonard and Rosenberg, 1980) to reduce the |'?* contamination to < 5% of the total counts. 

High purity unlabelled rT3 and DTT were from Calbiochem-Behring Diagnostics, San Diego, 

CA and all other reagents were purchased from Sigma Chemical, St. Louis, MO. 

Equivalency of iodide and 3,3’T2 released was demonstrated to verify the presence of 

only 5’deiodination. For this purpose the reaction was terminated at the end of incubation by 

the addition of 20 ul of MOPS buffer containing 1 mg/ml each of unlabelled T4, rT3, and PTU 

followed immediately by 100 pl ice-cold absolute ethanol. For blank tubes, used to correct for 

25 contamination of the I*?®-rT3, the reaction was terminated immediately after substrate 

addition. After 16 to 24 hours at -10C, initial com for each tube were measured in a gamma 

counter. This was followed by centrifugation at 4000g at -10C for 30 min, after which labeled 

compounds in the ethanol extract were separated by column chromatography. The ethanol 

extract was diluted to 500 ul with phosphate buffer (pH 6.5, in 1N NaCl), which was then 
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pipetted onto a 1.9 x 15 cm Sephadex (G-25 superfine) column, followed by 10 mi 0.01 N 

NaH?P0O4, and then 0.01 N NaOH from a reservoir. A total of 160 fractions of 20 drops each 

were collected and counted. The identity of radioactive peaks was determined by comparing 

their positions of elution with that of known labelled iodothyronines and iodide. Although 

labelled 3,3’-T2 was not available, this peak was identified by its position in relation to other 

labelled compounds (Butt, 1976). The amount of each compound in a sample was calculated 

as a percent of the cpm represented by the peak, which was expressed as a fraction of total 

cpm recovered. 

Protein Concentration Determination 

Protein concentrations were determined using Biorad protein assay (Biorad 

Laboratories, Richmond CA) modified to accomodate the small sample volumes available. 

Our standard curve was 0 to 1.4 ug BSA/nul in MOPS buffer, sample or standard volume was 

40 pl, dye reagent volume was 2.0 ml. All other aspects of the assay were carried out 

according to the instructions of the manufacturer. All standards and samples were assayed 

in duplicate. Precision was 0.5% (+ 2SE as % of the mean; n= 10). 

Assay Validation 

To establish assay conditions that yielded initial velocity for 5’D activity in adult dove 

liver, two types of experiments were performed. These studies used 4 nM rT3, a concentration 

that is approximately 10X the K,, of the enzyme, and thus yields activity estimates that 

approximate the maximum and are independent of substrate concentration (Cornish-Bowden, 

1976). In the first experiment, we determined a range over which activity is proportional to 

enzyme concentration. In the second experiment, we determined that activity was linear 

(proportional) with increasing incubation times for a single concentration of PMF. 

The conditions used in each experiment were as follows: To test proportionality of 

enzyme concentration with enzyme activity a range of PMF concentrations (0-0.163 mg PMF 

protein/ml, representing 0-2.19 mg original tissue/ml) were used. Each tissue concentration 
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was incubated for 10 min in the presence of 20mM DTT and 4 uM unlabelled rT3 with tracer 

amounts of labelled rT3 (200,000 cpm). We used incubation times up to 30 min to establish 

linearity of activity with time. PMF from 1.88 mg of original tissue/m!l was used for each 

incubation time in the presence of 20 mM DTT,4 uM unlabelled rT3 and trace amounts of 

labelled rT3. 

Enzyme Characterization 

The standard assay conditions used in the characterization assays were: PMF from 1.88 

mg original tissue/ml, 20 mM DTT, 4uM unlabelled rT3, and trace amounts of labelled rT3, 

incubated for 10 min. Changes from these conditions in individual experiments were as 

follows: 

Cofactor dependency was determined by using a range of DTT concentrations (1, 5, 10, 
  

20 and 30 mM) in the standard assay. 

Apparent K,, and V,,,, were determined by using a range of substrate concentrations 

(0.05, 0.10, 0.20, 0.40, 0.80, 1.0, 2.0, 4.0uM unlabelled rT3) in the standard assay with an 

incubation time of 5 min. 

To determine the effects of pH on 5’D activity, livers from 5 doves were pooled, minced 

and 0.5 gm of tissue was homogenized in 3 vol of buffer at each pH (pH 5.5-9.0 in 0.5 pH 

increments) as described by Freeman and McNabb (submitted). 

The effects of temperature on 5’D activity were determined using the standard assay and 
  

incubation temperatures of 0, 20.5, 31, 37.5, 39, 41.5, and 55 C, for 10 min. 

The effects of PTU were investigated using the same conditions as above with the 

addition of 1.0 uzM PTU in MOPS buffer. 

Substrate competition for the 5’D enzyme was determined by the addition of a range of 
  

unlabelled T4 concentrations (0, 0.25, 0.5, 1.0, 2.0, 4.5, 9.0 and 18.0 nM) in MOPS buffer to the 

standard assay which uses rT3 as substrate. 

ASSAY VALIDATION AND CHARACTERIZATION OF DOVE DEIODINASE 30



Statistical Analyses 

An unweighted least squares procedure was used to determine regression analyses. 

The kinetic data were analyzed by statistical procedure of Cornish-Bowden (1976). One-way 

analysis of variance and Tukey’s HSD test were used for other analyses. Values of P<0.05 

were considered as indicative of statistically significant differences. 
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RESULTS 

Assay Validation 

5’D activity, as determined by the amount of iodide produced by outer ring deiodination 

of rT3, was directly proportional to the PMF protein concentration (Fig. 1) present in the 

incubation mixture up to at least 0.163 mg PMF protein/ml (2.19 mg original tissue/ml in this 

experiment). This pattern produces a constant specific activity (pmol rT3 degraded/min-yg 

PMF protein) with the different protein concentrations used. Enzyme activity also was linear 

(i.e. increased in proportional increments) with time up to at least 30 min of incubation (Fig. 

2). Specific activity was constant with time as it was in relation to protein concentration. The 

presence of only 5’D, i.e. rT3 being degraded to only 3,3’-T2 and |, was confirmed by 

demonstrating that equimolar amounts of these two products were formed using the initial 

velocity conditions defined in the experiments described above (Fig. 3). 

Enzyme Characterization 

Maximal 5’D activity was obtained at DTT concentrations greater than or equal to 5mM; 

there were no significant differences in activity between 5 and 30 mM DTT. A concentration 

of 20 mM DTT, in the middle of the range where activity was constant, was chosen for the 

standard assay. 

The kinetic parameters of the 5’D enzyme under these assay conditions were 

determined using Lineweaver-Burke plots (Fig. 4). The apparent K,, was 0.44 uM rT3 and the 

apparent V,,,, was 255 pmol rT3 degraded/min-mg PMF protein. 

In the study of pH, the buffer mixtures gave pH values of 5.76, 6.20, 6.70, 7.10, 7.58, 8.04, 

8.43, 8.79. There was no change in pH in any of the tubes during incubation. Activity was 

maximal at a pH of 8.04 and significantly greater than at all other pH values used. 

A temperature profile of 5’D rT3 activity indicated that activity peaked at 37.5 (our usual 

assay temperature), but that this value did not differ significantly from that at 41.5, the typical 
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body temperature of the doves. Activity was markedly lower at temperatures below and 

above this range. 

Enzyme activity was completely inhibited by the addition of 1mM PTU to the reaction 

mixture. In this experiment 5’D activity increased linearly with time in the samples without 

PTU, as in Fig. 2. In the presence of 1 mM PTU there was no measurable enzyme activity at 

any of the incubation times up to 30 min. 

The addition of unlabelled T4 to the reaction mixture inhibited rT3 5’D activity linearly to 

reach 50% inhibition at 18 uM T4. 
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Proportionality of rT3 5’D activity with enzyme _ concentration: Enzyme 
(postmitochondrial protein per assay tube) of liver pooled from five adult ring doves. 
Assay conditions were: 4 uM unlabelled rT3, 20 mM dithiothreitol and 10 min incubation. 
Data points are individual determinations. The regression line was determined using 
an unweighted least squares procedure (r? = .99). 
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Figure 2. Linearity (proportionality) of hepatic rT3 5’D activity with incubation time: Liver was 
pooled from five adult ring doves. Assay conditions were: postmitochondrial fraction 
(PMF) protein equivalent to 1.88 mg original tissue/mi (0.163 mg PMF protein/ml), 4 
uM unlabelled rT3, 20 mM dithiothreitol. Data points are individual determinations. The 
regression line was determined using an unweighted least squares procedure (r? = .98). 
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Figure 3. Equivalency of 3,3’-T2 (®) and iodide (*) produced by hepatic rT3 5’D activity: Liver 
was pooled from five adult ring doves. Assay conditions were: postmitochondrial 
fraction protein equivalent to 1.88 mg original tissue/mi, 4 uM unlabelled rT3, 20 mM 
dithiothreitol and 10 min incubation. Data points are individual determinations. 
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Figure 4. Lineweaver-Burke plot of hepatic rT3 5’D initial velocity kinetics. Data points 

represent means of duplicate determinations. Km, Vmax and their standard 
errors were calculated by the method of Cornish-Bowden (1976). 
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DISCUSSION 

Although T3 is produced by the 5’-monodeiodination of T4 in vivo, T4 is not the best 

substrate for studying this enzymatic activity in vitro. This is because T4 is deiodinated at both 

inner (5D) and outer (5’D) positions and some of the products are further deiodinated (see 

review by Leonard and Visser, 1986). When such multiple reactions are present, initial 

velocity ("zero order”) enzyme kinetics cannot be established. 

Reverse-T3 was the substrate of choice for measuring 5’D activity in this study, because 

outer ring, 5’-monodeiodination is the only deiodination that occurs under typical assay 

conditions in tissues such as liver and kidney [mammalian kidney, Leonard and Rosenberg 

(1980); embryonic chicken liver by Galton and Hiebert (1987)]. We verified the presence of 

only 5’D by demonstrating that I and 3,3’-T2 were produced in equivalent quantities. We also 

demonstrated that the deiodinase in dove liver 5’deiodinates both T4 and rT3 by showing that 

the addition of T4 to the reaction mixture inhibited rT3 5’D. 

We validated our rT3 5’D assay by demonstrating the proportional deiodination of rT3 

(substrate) with increasing PMF protein in the reaction mixture, and linearity (proportionality) 

of activity with increasing incubation time. These validation studies insure that the reaction 

is not limited by inadequate substrate availability and rule out the presence of enzymatic 

inhibitors and other factors, such as subunit dissociation, that cause enzyme inactivation 

(Dixon and Webb, 1979; Engel, 1981). These two types of validation studies are necessary to 

design an assay protocol for making valid quantitative experimental comparisons. Although 

this has been recognized in the mammalian 5’D literature (e.g. Leonard and Rosenberg, 1980; 

Wu et al., 1985, 1986), most avian 5’D studies have taken protocols from earlier studies on 

different tissues or in different species and have ignored the need for performing these two 

basic validation studies. 

Our characterization studies indicate that the hepatic 5’D activity in adult ring doves is 

very similar to the type | iodothyronine deiodinase in liver of mammals (see review by Leonard 
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and Visser, 1986) and of other bird species (chickens: Rudas, 1986; Galton and Hiebert, 1987; 

quail: Freeman and McNabb, submitted). in vitro kinetic analyses indicate the dove hepatic 

5’D activity has an apparent K,, of 0.44 uM amd a V,,,, of 255 pmol/min-mg PMF protein. This 

Km Value is consistent with that of hepatic rT3 5’D found in quail (0.52 uM; Freeman and 

McNabb, submitted) and renal rT3 5’D in rats (0.46 uM; Leonard and Visser, 1986). Most other 

reported K,, values are in the same general low micromolar or high nanomolar range (0.50 

uM and 0.53 uM for rat kidney; Goswami and Rosenberg, 1984 and 1985; 0.06 »M for rat liver; 

Visser et al., 1979; 0.118 uM adult chicken liver; Rudas, 1986; 0.141-0.145 »M for chicken 

embryo liver; Galton and Hiebert, 1987). At the present time one cannot tell what proportion 

of this variation in K,, values results from differences in assay conditions, vs. what proportion 

results from species differences. 

The cofactor requirement for dove hepatic 5’D, when rT3 is used as substrate, is similar 

to that found in rats (Leonard and Rosenberg, 1980), chicken embryos (Galton and Hiebert, 

1987) and quail (Freeman and McNabb, submitted). These cofactor requirements are 

substantially higher than those required when using T4 as a substrate (Leonard and 

Rosenberg, 1980). 

Maximal 5’D activity in our study was obtained at pH 8.04. This pH optimum is similar 

to that found in rat liver (pH 8.1; Visser et al., 1979), quail liver (pH 8.0-8.5; Freeman and 

McNabb, submitted) and chicken liver (unpublished data, our laboratory). No other studies 

of rT3 5’D in avian tissues have tested a wide range of pH conditions. 

Our study of the effects of temperature on 5’D activity indicated that activity was highest 

at 37.5 C (our usual assay temperature) but did not differ significantly from that at 41.5 C (the 

body temperature of doves). Thus, it does not appear that errors have been introduced by 

using assay temperatures comparable to mammalian body temperature for measuring avian 

5’D activity. 

Our studies show two other ways in which the 5’D activity of dove liver is similar to that 

in mammalian liver: (1) that rT3 is the preferred substrate over T4 (the degradation of 4 uM 

rT3 was 50% inhibited by the presence of 18 uM T4), and (2) 1mM PTU completely inhibits rT3 
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5’D activity in dove liver as it does in mammalian liver (see review of the mammalian 

literature by Leonard and Visser, 1986). 
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Chapter IV 

DEVELOPMENT OF 5’DEIODINASE ACTIVITY IN 

RING DOVES. 

ABSTRACT 

Hepatic 5’deiodinase (5’D) activity and plasma thyroid hormone (TH) concentrations were 

studied in vitro in 1 day prehatch, 2, 7 and 15 day posthatch and adult ring doves. 5’D activity 

was measured under initial velocity conditions using rT3 as a substrate. The K,, (0.35 uM rT3) 

did not change with age. V,,,, was higher in embryos and 7 day squabs (965 and 914 pmol 

tT3/min-mg postmitochondrial fraction (PMF) protein respectively) than in adults (555 pmol 

rT3/min-mg PMF protein). Specific activity was highest in embryos and 2 and 7 day posthatch 

squabs, and gradually decreased with increasing age. Total liver 5’D activity/gram body 

weight was highest in 2 and 7 day posthatch squabs. This period correlates with the period 

of greatest increase in circulating THs (up to days 6-8 posthatch). 
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INTRODUCTION 

The patterns of plasma thyroid hormone (TH) concentrations and outer ring, 

5’-monodeiodinase (5’D) during development have been studied in precocial, galliform birds 

{see reviews by McNabb, 1987, 1988; Thommes, 1987; Decuypere and Kiihn, 1988). In 

precocial birds, concentrations of circulating TH are very low until mid incubation with steady, 

moderate increases during the latter 1/3 -1/2 of embryonic life. During this latter part of 

incubation the embryos have high 5D (inner ring, 5-deiodinase) activity and low 5’D activity 

(Galton and Hiebert, 1987). During the perinatal period, immediately prior to hatching, the 

concentrations of circulating TH peak (Thommes and Hylka, 1977; McNabb, Weirich and 

McNabb, 1981). The T3 peak appears to be due to a decrease in 5D activity (Borges, 

Labourene and Ingbar, 1980; Galton and Hiebert, 1987) and increasing 5’D activity (Decuypere, 

Kahn, Clijmans, Nouwen, and Michels, 1982; Hughes and McNabb, 1986; Galton and Hiebert, 

1987) that occurs after internal pipping. Plasma TH concentrations and 5’D activity decrease 

after hatching, then gradually increase to adult levels (see review by McNabb, 1988). 

In contrast to the interest in precocial birds, the developmental patterns of plasma TH and 

5’D activity have been studied in only one altricial species (ring doves; McNabb and Cheng, 

1985). Plasma TH concentrations were low during embryonic life and the perinatal period, 

then increased steadily until day 8 posthatch, after which they remained stable at levels 

equivalent to those of adults (McNabb and Cheng, 1985; McNichols and McNabb, 1988). In 

McNabb and Cheng’s study hepatic 5’D and plasma T3 were not correlated, a finding that 

contrasts with the situation in the earlier studies of precocial birds. This may have been due 

to the limiting assay conditions in the methods used (see review by McNabb and Freeman, 

1990). 

The present study reinvestigated hepatic 5’D activity during development in ring doves 

using a validated assay with rT3 as a substrate that measures activity under initial velocity 

conditions in adult dove liver (Rieman and McNabb, in press). 
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MATERIALS AND METHODS 

Ring doves (Streptopelia risoria) were bred and maintained in our laboratory as described 

previously (Rieman and McNabb, in press). Eggs and young were incubated and reared by 

their parents. The stages sampled were 1 day pre-hatch embryos, 2, 7 and 15 days post-hatch 

squabs, and breeding adults. Due to difficulties in synchronizing the breeding pairs, birds had 

to be sampled on different days and the tissue stored until all samples were obtained. Prior 

to sacrifice, blood was drawn from the chorio-allantoic veins in embryos and from the brachial 

veins of nestlings and adults. The birds were killed by decapitation and the livers were 

removed and prepared as described previously (Rieman and McNabb, in press). Plasma 

thyroid hormone concentrations were analyzed by a double antibody radioimmunoassay (RIA; 

McNabb and Hughes, 1983) verified for use on dove plasma. 

We established initial velocity conditions for measuring 5’D activity, by validation studies 

that demonstrated proportionality of enzymatic activity with protein concentration and linearity 

with incubation time: We used the conditions defined by Rieman and McNabb (in press) and 

pooled tissue samples (n=5) to verify that activity was measured at initial velocity for each 

age group sampled. These studies indicated that the same assay conditions could be used 

for all ages sampled so the following standard assay conditions were adopted: 1.88 mg 

original tissue/m! as postmitochondrial fraction (PMF), 20 mM dithiothreitol (DTT), 4 uM high 

purity unlabelled rT3 and trace amounts of high specific activity (SA) |'?°-rT3 (200,000 cpm; SA 

1250 pCi/ug). The assay volume was 80 ul and consisted of 25 yl PMF tissue homogenate, 20 

ul DTT in 3 (N-morpholino)-propanesulfonic acid (MOPS) buffer, 10 uw] MOPS buffer, 20 yl 

unlabelled rT3 and 5 yl labelled rT3. The incubation time was 10 minutes. 5’D activity was 

measured as |'?® released from the labelled rT3 and separated on Biorad “Dowex” AG 

50W-X8(H*) ion exchange columns (Biorad laboratories, Richmond, CA). For details see 

methods in our previous study of adult dove 5’D (Rieman and McNabb, in press). Protein 

concentrations of tissue homogenates was measured using the Bradford Protein Assay 
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{Biorad Laboratories, Richmond, CA). After validation the standard assay was used to 

measure 5’D activity in individual samples from each age studied, within a single assay run. 

To determine whether the behavior of the enzyme was altered during development, kinetic 

studies were performed as by Rieman and McNabb (in press) on pooled tissue from three 

ages: 1 day pre-hatch embryos, 7 day old squabs and adult birds. 

Labelled rT3 was purchased from New England Nuclear, Boston, MA and purified by high 

voltage paper electrophoresis (method of Leonard and Rosenberg, 1980) to reduce the I'?* 

contamination to <5% of the total counts. High purity unlabelled rT3 and DTT were from 

Calbiochem-Behring Diagnostics, San Diego, CA and all other reagents were purchased from 

Sigma Chemical, St. Louis, MO. Protein concentrations of homogenate samples were 

determined using Biorad protein assay (Biorad Laboratories, Richmond, CA) modified to 

accomodate the small sample volumes available as described previously (Rieman and 

McNabb, in press). 

Analyses of kinetic data were performed using the statistical procedure of Cornish-Bowden 

(1976). Two way ANOVA and Tukey’s HSD test were used for comparing developmental ages. 

Values of P<0.05 were considered indicative of statistically significant differences. 
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RESULTS AND DISCUSSION 

Our investigations of proportionality with enzyme concentration and incubation time 

revealed that the same assay conditions could be used to measure enzyme activity at initial 

velocity for all age groups studied. 5’D activity was proportional to PMF protein (enzyme) 

concentration for up to 2.50 mg original tissue/ml of incubation mixture, and for incubation 

times up to at least 30 min, for all age groups studied. Within these proportional ranges a PMF 

concentration representing 1.88 mg tissue/ml| and an incubation time of 10 min were chosen 

for the analyses of individual birds. 

Kinetic studies showed that the K,, of the 5’D enzyme did not change with age (Table 1), 

indicating that the nature of the enzyme was not altered during the developmental period we 

studied. These K,, values are consistent with previous ones obtained for hepatic rT3-5’D in 

adult ring doves (0.44 »M rT3; Rieman and McNabb, in press), Japanese quail (0.52 uM rT3; 

Freeman and McNabb, in review), and liver and kidney rT3 5’D in rats (Leonard and Visser, 

4986). 

Vmax Values from the kinetic studies, as well as the measurements of activity on samples 

from individual birds, indicated that the specific activity of the enzyme changed with 

development (Fig. 5a). The specific activity was highest in embryos and decreased by about 

one third by 15 days posthatch; 15 days posthatch did not differ from adult values. The specific 

activity values obtained in this study were far higher than those measured under limiting 

conditions in the McNabb and Cheng (1985) study and the qualitative pattern with age also 

changed, as the specific activity in the present study was highest in the embryos and early 

nestling stages and decreased with increasing age, while specific activity in McNabb and 

Cheng’s study was highest in 3 day posthatch squabs and low in embryos and older squabs. 

However, as in the study of McNabb and Cheng (1985), specific activity in the present study 

does not correlate with the pattern of plasma T3 or T3/T4 ratios. This also is in contrast to the 
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picture for precocial development, in which specific activity is correlated to plasma T3 and 

T3/T4 ratios (Hughes and McNabb, 1986; Freeman and McNabb, submitted). 

One difficulty with presenting 5’D as specific activity is revealed by an examination of the 

data on protein:tissue relationships during development. Protein concentrations of tissue 

were significantly lower, by 1/3 - 1/2, in the embryos than in the other stages sampled. Thus, 

if this difference in protein content is taken into account, there is less 5’D activity in embryonic 

tissue than at the other stages. 

To evaluate the potential for liver T3 production in relation to body size during development, 

we expressed 5’D as the amount of activity in the whole liver divided by the body weight. The 

liver:body weight percentages in embryonic doves is very low (1.5%), at two days posthatch 

it is highest (4.2%) and then gradually decreases with increasing age (3.4, 2.3, 2.2% in 7day, 

15 day and adults, respectively). When these factors are combined (Fig. 5b), the liver T3 

production/gm of body weight is low in embryos, rises to much higher levels in 2 and 7 day 

nestling, then decreases during the latter part of the nestling period. In this presentation, the 

period of high potential T3 production corresponds with the period of greatest increase in 

plasma TH concentrations during the first 6-8 days posthatch in ring doves (McNabb and 

Cheng, 1985). The plasma T3 and T4 patterns during development in the present study were 

consistent with those previously published (McNabb, Stanton and Dicken, 1984; McNabb and 

Cheng, 1985). 

We noted that the V,,,, values measured for adult tissues in the present study were about 

2-fold those measured in our previous study of adult doves. We speculate that this difference 

may be related to differences in reproductive status, birds in this study were paired and 

actively breeding, while the birds used in the previous study were housed singly and not 

breeding. 
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Table 1. Kinetic parameters of embryonic, nestling and adult ring doves. 

  

Developmental Age Km + S.E. Vmax + S.E. 
  

1 day prehatch embryos | 0.34 +.02 pM rT3 [965 +24 pmol/min-mg 

7 day posthatch squabs | 0.35 1.03 yM rT3 1915 +35 pmol/min:mg 

Adult ring doves 0.35 +.01 uM rT3 |555 +12 pmol/min-mg 
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5’Deiodinase activity during development in ring doves: 5’deiodinase activity of liver 
and plasma T3 concentrations from individual ring doves (n=5 for each age). X axis, 
E = 1 day prehatch embryos, numbers represent age in days post hatch, A = adult 
birds. Error bars represent 1 standard error. Results of Tukey’s Studentized Range 

(HSD) Test for differences in 5’D activity are presented above each bar. Bars with the 
same letter are not significantly different. a) rT3 5’deiodinase specific activity per 
min-mg postmitchondrial protein. b) Total liver 5’deiodinase activity per gram of body 
weight (open bars) and plasma T3 concentration (shaded bars) from developing doves 
in this study. Solid line shows pattern of plasma T3 for samples taken daily during 
development from McNabb and Cheng (1985). 
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Chapter V 

THESIS DISCUSSION 

In our laboratory, a major research goal is to compare the developmental thyroid hormone 

dynamics in two avian species with different modes of development, using precocial Japanese 

quail and altricial ring doves as models. My work has focused on the changes in activity of 

hepatic 5’D during development in ring doves. Previous work has determined plasma TH 

concentrations and hepatic 5’D activity in quail and demonstrated a correlation between the 

two during development. Plasma TH concentrations also have been determined in ring doves 

but hepatic 5’D activity did not relate to plasma T3 patterns in this species, possibly because 

initial velocity conditions were not used in measuring 5’D activity. My work is the first to 

measure jnitial velocity 5’D activity in ring doves, characterize adult activity and correlate 5’D 

activity to plasma T3 concentrations during development in this species. 

My first study demonstrates the conditions necessary to measure initial velocity 5’D activity 

and to characterize the 5’D enzyme in ring doves under these conditions. The importance of 

this study is to list the validation studies needed to develop appropriate protocols for 

measuring enzymatic activity in different systems. Previous studies in birds have not used 

appropriate assay protocols and have measured activity under limited conditions. 
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The ring dove hepatic 5’D characteristics, measured under initial velocity conditions, 

demonstrate that it is similar in nature to the hepatic 5’D found in precocial birds (chicken and 

quail, see review by McNabb, 1988) and mammals (rats and man, see review by Leonard and 

Visser, 1986). 

Using the procedures set forth in the first study, the second study validated assay 

conditions for several developmental stages in ring doves and determined the pattern of 5’D 

during development. The results of this study show that total hepatic 5’D activity/gram body 

weight is highest during the period of greatest increase of plasma T3 during development in 

ring doves. The 5’D and circulating TH patterns during development also correlate with 

development of thermoregulation in this species. The onset of homeothermy in this species 

occurs during the time when circulating TH concentrations begin to plateau and 5’D activity 

is high (6-8 days posthatch). 

The nature of the 5’D enzyme remains unchanged throughout development in ring doves 

as indicated by consistent K,, values. Both papers revealed similar K,, values for rT3 5’D in 

ring dove liver. There was, however, a 2-fold difference in V,,4, values between the two 

papers, which may be due to variations between the two separate tissue pools used for these 

studies. One likely source of variation in the amount of 5’D present in the liver may be the 

breeding status of the birds. The birds in the first study with the low V,,,, were housed singly 

and not breeding, while the birds in the second study with a high V,,,, were housed in pairs 

and actively breeding. Other factors, such as slight variations in assay conditions and 

components also may have had an effect. 
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