Role of Iodine in Thyroid Hormone Synthesis
Pooja Venkatesh
Agnes Scott College

Central to the role of the thyroid endocrine gland is the secretion of triiodothyronine (T3) and thyroxine (T4) hormones, responsible for regulation of cellular metabolism. Normal functioning of this hormonal system is heavily dependent on the element iodine, a micronutrient crucial for T3/T4 production. The following paper is a review on the biochemical mechanism for iodide uptake, oxidation, and coupling of iodinated tyrosine residues to secrete T3 and T4 into systemic circulation. Although this biochemical pathway has been well characterized, several mechanisms remain unknown. Additional elucidation of this process will aid in the identification of new drug targets and medical treatments for thyroid-related disorders. 
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[bookmark: _GoBack]he biosynthetic pathway of thyronine synthesis is shown below in Figure 1.1 The process begins with iodide import into thyroid epithelial cells and export into the follicular lumen. Oxidation, organification, and coupling reactions are then catalyzed to incorporate iodine atoms onto thyroglobulin (Tg) molecules, which are then endocytosed back into the thyrocyte. Tg protein degradation releases thyroxine and triiodothyronine which can then be secreted out of the thyroid into the bloodstream. 


[image: ]
Figure 1: Depiction of the Thyroid Hormone Biosynthetic Pathway 1


The majority of discoveries regarding the biosynthetic pathway were made in the 20th century starting with the cloning of the Na+/I- symporter (NIS). This protein channel, cloned in 1996, initiates the first step of hormone synthesis by importing iodide into thyrocytes.2 Pendrin, the I- transporter localized to the apical cell membrane, was identified following studies of the genetic mutation that caused Pendred syndrome in 1997.3 Thyroid peroxidase (TPO), the enzyme that catalyzes the iodination and conjugation reactions on Tg molecules, was purified and identified in 1988, however questions remain as to the mechanisms of the reactions catalyzed.4 Although it was suggested in 1971 that H2O2 was produced at the apical membrane and required for TPO function, it was not until 1999 that the responsible enzyme, DUOX2, was identified.5 In 1982, proposed mechanisms for the oxidation of iodine prior to organification were published, however the exact oxidized species is still not confirmed.6, 7 Oxidized iodine is then added to tyrosine residues on thyroglobulin (iodination) and adjacent residues are coupled in a phenoxy ether conjugation reaction. The substrates, products, and kinetics for the TPO-catalyzed reactions were first determined in 1981 as part of investigating medical therapies for thyroid disorders.4, 8 Resultant Tg is then endocytosed, degraded, and T3/T4 secreted out of the cell. By the 21st century the entire pathway was well defined. 
Although the central molecules and enzymatic reactions of thyroid hormone synthesis are established, several mechanisms of enzyme action remain to be investigated. For instance, conflicting data exists concerning thyroid peroxidase tyrosine selectivity and conjugation kinetics as well as the iodine species produced after TPO oxidation. Increased elucidation of this pathway will fuel the development of more effective medical treatments for thyroid disorders and the identification of novel drug targets.  

Discussion
Located near the trachea, the bilobed thyroid endocrine gland functions to regulate hormone synthesis. Stimulation by the pituitary hormone thyrotropin, TSH, activates thyronine synthesis at the follicle. This central structure is composed of a set of epithelial cells surrounding a colloidal space in a circular manner.9 Follicular basolateral membranes face blood plasma for iodide uptake while their apical membranes face the colloidal lumen. The primary role of the thyroid endocrine gland is the production of triiodothyronine (T3) and thyroxine (T4) hormones. The functional hormones, once secreted out of the thyroid, bind to cells and trigger changes in gene expression, affecting a plethora of cellular processes.9 These hormonal regulations of cellular metabolism in vertebrate species are essential to normal maturation and structural development.2, 10,11
The limiting reagent in the synthesis of these two molecules (see Figure 2) is the heavy element iodine in its anionic form, I-.12 The biochemical role of this element revolves around its requirement in T3 and T4 hormone production. Iodine is a diatomic, group 7A, nonmetal halogen with an atomic weight of 126.90 amu. At room temperature, molecular iodine is a blue-black solid with a strong odor whose melting and boiling points are 133.5°C and 185°C, respectively.13 Iodine deficiency is the most common endocrinopathy in the world and most preventable cause of mental defects.14 Average current intake of iodine obtained from diet in the United States is about 150 µg per day.7 Approximately 70-80% of iodide within the body is localized to the thyroid gland where incorporation into thyroglobulin tyrosine residues occurs.12 Iodination is essential to the biological function of thyroid hormones and makes up 65% of the molecular weight of T4 and 58% molecular weight of T3.7 Thyroid hormone synthesis begins with dietary intake of iodine, absorption in the small intestine, and transport of I- through the bloodstream to thyroid follicular cells.7 Transport into the follicular cells is mediated by the Na+/I- symporter, after which oxidation, organification, and coupling reactions result in the final production of iodothyronines.12
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Figure 2: Structure of T3 and T4 15

The first step of iodothyronine synthesis, I- uptake, is mediated by the transmembrane glycoprotein sodium/iodide symporter (NIS) localized to the basolateral cell membrane.10 This sodium-dependent channel transports iodide from the bloodstream into thyroid follicular cells by means of the Na+ gradient established by the Na+/K+ ATPase pump.12 NIS works by a secondary active transport mechanism such that two Na+ ions are imported for every I- anion - a net positive influx.10 Functionality of the NIS is dependent on energy, O2 levels, and a Na+ electrochemical gradient across the basolateral membrane.7 After an initiating Na+ cation binds to the transporter, an NIS-Na2I complex forms which is transported into the cytoplasm.16 Following I- import, the glycoprotein pendrin, an anion exchanger of the SLC26A family, transports I- out of the follicular cell by passive movement across the apical cell membrane into the follicular lumen where the organification reactions take place.1, 17 However, pendrin is considered only a potential transporter, as there have been no direct demonstrations of iodide efflux by pendrin into the follicular lumen.7 
The follicular lumen is a colloidal fluid mainly composed of thyroglobulin proteins secreted from thyrocyte endoplasmic reticuli.2 Once I- has been localized to the follicular lumen, thyroid peroxidase (TPO) catalyzes the oxidation of iodide, the iodination of tyrosine residues on thyroglobulin (Tg), and the conjugation reactions of adjacent 3-monoiodotyrosine (MIT) and 3,5-diiodotyrosine (DIT) residues to form T3 and T4. The heme group present in TPO is necessary for formation of the enzyme-substrate complex.7 The first TPO-catalyzed reaction requires H2O2 secreted into the lumen by the NADPH-dependent enzyme, DUOX2, which is localized to the follicular apical membrane.1 TPO, along with H2O2, oxidizes lumen I- so it may then be incorporated into selected tyrosine residues on the dimeric glycoprotein thyroglobulin.2 Multiple proposals exist as to what the oxidized intermediate is: an iodine radical, a TPO-I+ complex, or I2.7, 18 This Tg-iodination reaction adds iodine atoms onto Tg tyrosyl residues, ortho to the tyrosine hydroxyl group, resulting in the formation of MIT residues. If iodination is catalyzed by TPO twice on the same tyrosine residue, DIT is formed, as shown in Figure 3.19, 20
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Figure 3: Organification of Tyrosine Residues on Thyroglobulin 21


Although often presented as sequential steps, iodination and coupling are simultaneously catalyzed by TPO as shown in Figure 4. This pH-dependent coupling reaction of MIT or DIT residues to form T3 or T4 is catalyzed by the oxoferryl porphyrin pi-cation radical form of the enzyme.22 A phenoxy ether bond is formed either between adjacent MIT and DIT or between two DIT residues. Conjugation of MIT and DIT residues forms T3 while conjugation of two DIT residues forms T4. The ether bond is formed between the hydroxyl group of an acceptor tyrosyl residue and the iodophenol group of a donor tyrosyl.7 One proposed coupling mechanism involving iodotyrosine radicals is shown in Figure 5.7 
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Figure 4: TPO-Catalyzed Organification and Coupling Reactions on Tyrosine Residues 23
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Figure 5: Potential Radical Mechanism for TPO-Catalyzed DIT Coupling 7

Studies have demonstrated that this coupling reaction is not enzyme-specific.24, 25 For example, other heme-containing peroxidases apart from TPO, such as lactoperoxidase, have catalyzed the same reaction in vitro.24  
Following the organification and coupling reactions, lumenal thyroglobulin is then endocytosed into the follicular cell by either a TSH-mediated coated vesicle mechanism or by micropinocytosis.26 Tg-containing vesicles can then be trafficked through multiple pathways, one of which consists of sorting through the early apical endosome, late endosome, and lysosome. Release of the T3 and T4 hormones from thyroglobulin occurs after proteolytic cleavage of the molecule in the lysosome. 
About 10% of T4 is converted to T3 by a deiodination reaction catalyzed by the selenocysteine containing enzyme, iodothyronine 5’ deiodinase.7, 27 The selenolate group on the enzyme reacts with the T4 prohormone and forms a selenenyl-iodide intermediate. The enzyme intermediate then reacts with an unknown cofactor regenerating its original catalytic form.27, 28 Having finally synthesized T3 and T4, the thyroid secretes the hormones from the follicular cells into blood plasma by passive diffusion across the basolateral membrane.7
Ultimately, iodine plays an essential role in thyroid hormone synthesis. The pathway, illustrated in Figure 1, begins with I- uptake into thyrocyte cells by the NIS channel. The anion is then transported out of the cell by pendrin and incorporated onto tyrosine residues on thyroglobulin by thyroid peroxidase. TPO simultaneously catalyzes the coupling of adjacent iodinated residues such that the resultant thyroglobulin molecule may be endocytosed into the follicular cell. Following lysosomal degradation of Tg, T3 and T4 hormones may be secreted out of the thyroid epithelial cells. Synthesized T4, prior to secretion, may also be deiodinated to form T3. Once secreted to the blood plasma, the hormones can then elicit biological responses in target cells. While the process has been established, absolute knowledge of this pathway has not yet been obtained. 

Conclusion
Despite being a highly characterized pathway, thyroid hormone synthesis is still not entirely elucidated. Further research will need to be conducted to determine whether pendrin is truly the transport protein responsible for I- efflux. Patients with Pendred syndrome have a non-functional pendrin protein, but show only minor negative effects on thyroid function.7 Similarly, genetically engineered mice with PDS knockout (pendrin-encoding gene) also show normal thyroid function.7 Since pendrin has never been directly demonstrated to be the I- efflux protein, other transport mechanisms may exist.
Additional studies are also needed to investigate the mechanisms and kinetics of thyroid peroxidase. Several conflicting proposals on the nature of the oxidized species produced by TPO and H2O2 exist, including I2, an iodine radical, OI-, and TPO-I+.7, 18, 29, 30 Likewise, the mechanism by which TPO identifies only selected tyrosine residues (hormonogenic sites) on thyroglobulin for organification remains poorly defined as well as the mechanism for the Wolff Chaikoff effect - the phenomenon that excessive iodine inhibits thyroid hormone synthesis.31, 32 Similarly, the cofactors used by iodothyronine 5’ deiodinase to convert T4 to T3 remain unknown but is a subject of interest in understanding intracellular or potentially drug-induced regulation of the enzyme.27, 28
After thyroglobulin endocytosis, coat protein mediated trafficking and transport vesicle sorting direct Tg through several intracellular pathways. Research is actively determining the involved regulatory molecules, vesicle membrane receptors, and additional proteins involved in this complicated network. Following vesicle trafficking and Tg proteolytic cleavage in the lysosome, T4 and T3 hormones have long been thought to freely diffuse out of the follicular basolateral cell membrane. However, iodothyronines are charged at their amino acid side chains and therefore may be exiting the cell via unidentified membrane transporters rather than diffusion across a hydrophobic lipid bilayer.7 
 Ultimately, understanding the intricacies of this biosynthetic pathway will aid researchers in determining new drug targets and more effective drug therapies for thyroid-related disorders. Thyroid illnesses plague a large percentage of the world population such that there will always be a high demand for new medications, greater target selectivity, and more cost effective treatments. 
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