PDB code Ligand(l)
2ROX T4

11ICT T4

1SN5 T3(3)

1THA 3,3-T2(3)
3,3-T2(3)
3,3-T2(3)

XB acceptor

Ala109 (backbone O, site1)
Ala109 (backbone NH, site1)
Leu110’ (backbone NH, site1)

Ala109(backbone O, site?)

Ala108 (backbone O, site1)
Ala109 (backbone NH, site1)
Leu110 (backbone NH, site1)

Ser117’(backbone O, sitel)

Ser117’ (sidechain O, site1)
Thr119 (backbone NH, site2)
Ser117’ (backbone O, site2)

Ser117’ (sidechain O, site2)
Thr119’ (backbone NH, site2)

Ala109 (backbone O, sitel)
Ala109 (backbone O, site2)

Leu109 (backbone O, site1)
Leu109 (backbone NH, site1)

Ser117 (backbone O, sitel)
Ser117 (backbone O, site2)
Ser117 (sidechain O, site2)

d(A)
2.8
3.5
3.5
3.3

3.2
3.1
3.2
3.3
3.4
3.3
3.2
3.2
3.4

3.1
3.1

3.0
3.4

3.4
3.2
2.9

Table 1. XBs observed in the crystal structures of TTR in complex with various THs ¢!

fibrils.27281 T4 acts as an inhibitor of
such amyloid formation by retaining
the actual structure upon binding.

Human Serum Albumin
Human Serum Albumin (HSA)
is a 66 kDa monomeric protein
and is responsible for transport-
ing bilirubin, non-esterified fatty
acids, steroids, and bile acids. It
can also transport thyroid hor-
mones in plasma with the lowest
binding affinity towards T4 with a
dissociation constant (Kd) of 2 uM.
It has three homologous domains
(I, I'and Ill), each having two sub-
domains (A, B). The crystal struc-
ture of HSA-bound T4 (PDB code:
1HK1) is known.?Y It indicates that
four T4-binding sites (Tr1, Tr2, Tr3
and Tr4) are present in HSA, out
of which Tr1 and Tr2 are located in
the subunit of IIA and llIA, respec-
tively. The llIB subdomain contains
other two binding sites, Tr3 and Tr4.
Interestingly, T4 binds in a cisoid
conformation at Tr1 like the bind-
ing observed with TBG. At other
binding sites, T4 binds in a transoid
conformation, which is similar to
that of TTR. Tr1 differs from the
other binding sites in forming the
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hydrophobic cavity from Phe223, Arg218,
Arg222, and Trp214 residues, which force
the hydrophilic B-alanine side chain of T4

to move to the other side of the Tyrosyl
ring. In contrast, such type of interaction is
absent in other binding sites. In Tr1, in addi-
tion to the hydrophobic interaction, the 4'-
OH group and the carboxyl group of T4 form
hydrogen bonding with Arg 257/Tyr 150 and
Lys199, respectively. This is further stabilized
by a halogen bond formation between the
tyrosyl ring iodine atom (3-I) with an oxygen
backbone of 11e290 having an (Oeeel) dis-
tance of 3.2 A (Figure 5(A). It is found that
the replacement of Arg218 to either His or
Pro increases the binding affinity for T4 as
Arg218 sterically inhibits the free movement
of the T4 B-alanine side chain. In the binding
pocket of Tr2, two hydrogen bonds are
present between Tyrd11 and Ser489 with
the 4’-OH group. Additionally, the tyrosyl ring
iodine atoms of T4 interact with the oxygen
backbone of Ala406 and Leu387, having a
distance of 3.5 A and 3.4 A, respectively
(Figure 5(B)). In the third (Tr3) and fourth (Tr4)
binding sites, similar halogen bond formation
helps in stabilizing the T4 binding as given in
Table 2. '8 Qverall, the formation of a maxi-
mum number of interactions (both hydrogen
bonds and XBs) in Tr1, leads to the higher
affinity of Tr1 for T4.

Figure 5. (A) HB and XB interactions are shown in Tr1 of HAS-T4 complex (B) HB and XB

interactions are shown in Tr2 of HAS-T4 complex.

PDB code
1hk1 T4(3)

T4(3)
T4(5)
T4(5)

T4(5)

Ligand(l)

XB acceptor d(A)
16290 (backbone O, Tr1) 3.2
Ala406 (backbone O, Tr2) 3.5
Leu387 (backbone O, Tr2) 3.4
Lys524(backbone O, Tr3) 35
Met548(side chain S, Tr4) 3.6

Table 2. XBs observed in the crystal structures of HSA in complex with T4, 18
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Figure 6. different metabolic pathways of thyroxine (T4).

Metabolism of Thyroid Hormones
Following the internalization into target
organs, THs undergo numerous metabolic
processes catalyzed by various enzymes
(Figure 6).°21 The phenolic hydroxyl group
of T4 undergoes sulphation and glucuroni-
dation to afford T4S and T4G, respectively.

These metabolites have higher solubility in
water and therefore, facilitates excretion of T4
from the body.*? Notably, these metabolites
have lower affinity to the nuclear receptors
and when required, they are converted to
the parent hormone by sulfatases and glu-
curonidases. Sulfation of THs is catalyzed by
a group of enzymes called sulfotransferases
(SULTs) that utilizes 3’-phosphoadeno-
sine-5-phosphosulfate (PAPS) as a sulfate
donor.®¥ By contrast, glucuronidation is
catalyzed by various isoforms of uridine
5'-diphosphate glucuronosyltransferases
(UGTs).

Other than conjugation of 4-OH, thyroid
hormones can undergo decarboxylation of
the B-alanine group by L-amino acid decar-
boxylase and ornithine decarboxylase to
afford different iodothyronamines (TAMs),
but only 3-iodothyronamine (3-T1AM) and
thyronamine (TOAM) are found in organisms
indicating that the TAMs with higher number
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of iodine atoms deiodinated by deiodinase
enzymes.+% Recently, it has been shown
that 3-TTAM and TOAM have interesting
biological properties, such as 3-T1M inhibits
dopamine reuptake by dopamine trans-
porter (DAT) and norepinephrine by norepi-
nephrine transporter (NET); they also acts as

a modulator for a2-adrenergic receptors.®®
Recently, it has been shown that monoam-
ine oxidase (MAQ) performs oxidative deam-
ination of TAMs to afford iodothyroacetic
acids (TAs), which can also be produced by
the direct deamination of THs by L-amino
acid oxidase (LAQO). Interestingly, Tetrac
(8,5,3,5-tetraiodothyroacetic acid, TA4) and
Triac (3,5,3'-triiodothyroacetic acid, TA3) can
bind to the nuclear receptors and exhibit thy-
romimetic activity® and can suppress TSH
level. Notably, Triac has 1.5- and 3.5-fold
higher binding affinity than T3 to the thyroid
nuclear receptors TRal and TRB1, respec-
tively. Since TA3 is more selective to TRB1
than TRal, it possesses significant potential
to treat thyroid hormone resistance syn-
drome (RTH).8 Except all the above-men-
tioned metabolic pathway, thyroid hormones
also undergo ether link cleavage (ELC) by
peroxidases like horseradish peroxidase
(HRP) and MPO to yield DIT.E

Deiodination of Thyroid Hormones

The most important metabolism of T4 is
the sequential deiodination by DIOs. ¥ While
phenolic ring deiodination of T4 produces a
biologically active metabolite, T3, tyrosyl ring
deiodination affords an inactive metabolite,
rT3. Notably, rT3 cannot bind to the nuclear
thyroid hormone receptors (Figure 7).41
These activation and inactivation pathways
are essential to control the overall thyroid
hormone concentration in the blood plasma.

DIOs are selenocysteine -containing
membrane-bound enzymes that activate or
inactivate the THs by removing phenolic ring
or tyrosyl ring iodine.”? Three DIO isozymes,
DIO1, DIO2, and DIO3 are categorized by
their amino acid sequences and substrate
specificity. Although the primary structures

DIO1

HO |
DIO2 "Q
HO

I
I
T4

Lo,

DIO1
DIO3

H,N  OH

I H,N  OH I H,N  OH
T3 HO rr3
0

DIO3 0%0 IO

| HoN OH DIO2

3,3-T2
Figure 7. Deiodination of thyroxine (T4) by DIOs.

AsiaGhem www.facs.website



A) DIO1: RPLVLNFGSCTUPSF

DIO3: RPLVLNFGSCTUPPF

Y TeH

4, Y=-
5, Y=-TeH

DIO2: RPLVVNFGSATUPPF=»
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SeH
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H,N
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| o NH, | o NH,
I I
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Tyrosyl ring deiodination

H Phosphate buffer)
pH-7.4,37°C

| o} | (o}
HO |
: O OO
o NH, o NH,
1
T3

deiodination site

SeH

3,3-T2

Figure 8. (A) Chemical structures of DIO3 mimics. (B) Deiodination of T4 and T3 by compound 2. (C) Proposed mechanism of
halogen-bond-mediated deiodination of T4. (D) T4-binding site on mDIO3cat. Reproduced, with permission, Copyright: 2014,

National Academy of Sciences.

of these enzymes are similar, particularly
in the active site region, they exhibit differ-
ent regioselectivities of deiodination. DIO1
can remove iodine from both phenolic and
tyrosyl rings of T4, whereas DIO2 and DIO3
are selective to the phenolic and tyrosyl ring,
respectively. DIOs also accept other iodothy-
ronines as substrates, although they exhibit
similar regioselectivity as observed for T4.

While the deiodination of T4 and other
metabolites by DIOs was well-established,
the mechanism of deiodination remained
elusive for several decades. DIO1 and 3
contain a conserved selenocysteine and
cysteine in the active site. These residues
are crucial for TH deiodination as mutation
of either of them results in a significant drop
in the rate of deiodination. Inspired by this
precedence, we developed the first small
molecule DIO3 mimic that contains a sele-
nol and thiol at the peri-positions (2) of a
naphthyl ring.“>471 Owing to the rigidity of the
aromatic ring, the selenol and thiol moieties
are hold close to each other, mimicking
the primary structure of the DIO1 and 3.
Interestingly, this compound regioselectivity
deiodinates T4 and T3 at their tyrosyl rings
to afford rT3 and 3, 3’-T2, respectively (Figure
8(B)). While replacement of the selenol with
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a thiol (1) leads to slower deiodination, sub-
stitution of the thiol with another selenol (3)
dramatically increases the rate of deiodi-
nation. ¥ These results are in agreement
with the previous studies that show that a
Sec170Cys DIO3 mutant exhibit significantly
lower activity than the wild-type enzyme. ¥4
Notably, none of the DIO3 mimics exhibit
altered regioselectivity of deiodination even
at higher concentrations. /1 Although a keto-
enol tautomerism of the phenolic hydroxyl
group was proposed for the phenolic ring
deioddination of T4 ¥&, such mechanism is
not feasible for the tyrosyl ring deiodination.
Electron density around the halogen atom is
anisotropically distributed in the organic hal-
ides, leading to a significant positive charge
(0-hole) on the halogen atom along the C-X
(X=halogen) axis. o-hole facilitates the non-
covalent interaction of halogens with an elec-
tron donor through the formation of highly
directional XBs. Theoretical investigations
indicate that the iodine atoms in T4 contain
significant positive charge on the o-hole that
enable them to form XBs with chalcogens.
Interestingly, the tyrosyl ring iodine of T4
contains a larger o-hole than the phenolic
ring iodine that lead to regioselective tyrosyl
deiodination THs by the small molecule
mimics#¥ Owing to the formation of a Se--
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XB, selenium in the naphthyl-based mimic
becomes electron deficient. Therefore, the
thiol group in the close proximity subse-
quently interacts with the selenium, leading
to the formation of a Se--S chalcogen bond
(ChB). Both Se-:| and Se-S interactions
are equally important for the polarisation
and reductive cleavage of the C-I bond
(Figure 8(C))**° These observations are fur-
ther supported by the substitution of the
selenol with a tellurol (4,5) that can form
even stronger XB. The tellurium-containing
mimics are extremely reactive (>1000-fold)
towards deiodination, and they can mediate
both phenolic and tyrosyl ring deiodination
of T4 to produce all possible deiodinated
products, including T3, T3, 3,3’-12, 3',5-T2,
3-T1 and TO. ).51

The introduction of a basic amino group
in the close proximity enhances the rate
of the reaction, although such substitution
does not alter the selectivity of deiodination
reactions.

As mentioned earlier, sulphated and
decarboxylated TH metabolites also undergo
enzymatic deiodinations by DIOs. Therefore,
we also investigated the biomimetic deiodi-
nation of these metabolites. In contrast to
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THs, sulphated metabolites undergo both
phenolic and tyrosyl ring deiodination in
the presence of naphthyl-based mimics,
while decarboxylated metabolites undergo
regioselective tyrosyl ring deiodination.
Furthermore, deiodination of sulphated and
decarboxylated metabolites are found to be
faster and slower, respectively, than THs.
These observations agree with the observed
rates of enzymatic deiodinations of sul-
phated and decarboxylated metabolites by
DIOs. The observed rates of deiodination
are explained based on the formation of a
stronger and weaker XB by sulphated and
decarboxylated metabolites, respectively,
with selenium. Furthermore, the phenolic
and tyrosyl ring iodine of sulphated metab-
olites form equally strong XB with sele-
nium, while the decarboxylated metabolites,
similar to THs, form stronger XB with their
tyrosyl ring iodine. These results also explain
the observed regioselectivity of biomimetic
deiodination of the sulphated and decarbox-
ylated TH metabolites.5+555

Following our studies on the biomimetic
deiodination of THs, crystal structure of DIO3
was reported by Schweizer et al.*¥ (Figure
8(D)). Interestingly, modelling of the active
site with T3 indicates the tyrosyl ring iodine
of T3 is in fact located at a strikingly close
distance (3-4 A) to the active site selenol,
leading to the formation of a XB and polar-
isation of the C-I bond. This binding mode
is further supported the H-bonding interac-
tions involving the B-alanine side chain and
4’-hydroxyl group of T3. Following the iodine
abstraction, the active site selenol is presum-
ably converted to a selenenyl iodide that
may react with Cys239 to afford a selenenyl
sulphide intermediate. This intermediate
may get further reduced by nearby Cys268
to regenerate the enzyme active site. The
conserved selenocysteine residue in all three
DIOs indicates that a similar mechanism may
be responsible for the deiodination of THs.
However, the origin of regioselectivity of
deiodination by DIOs still remains a mystery.
Detailed theoretical investigations suggested
that DIOs may bind THs in different confor-
mations that may allow selective activation
of either phenalic or tyrosyl ring iodine. As
such, T4 is known to exist in at least two
different stable forms with different three-di-
mensional structures and XB-formation
capabilities. However, the binding of THs to
DIOs in different conformations is yet to be
experimentally verified. 52591

Thyroid Hormone Receptors
Thyroid hormone receptors (TRs), which
are members of the nuclear receptor family,
control gene expression when they bind
with the active form TH, T3. Additionally, TRs
bind the target gene’s promoter region by
recognizing nucleotide sequences known as
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thyroid hormone response elements (TREs).
b7 Two different types of thyroid receptors
(TRa and TRP) are present which further
spliced into four different isoforms, TRal,
TRa2, TRB1, and TRB2. The expression of
isoforms is highly tissue specific and modu-
lates different activities. For example, TRad,
which is highly expressed in the heart and
muscle is involved in maintaining the car-
diovascular function, whereas TRB1 which
is expressed in the liver, kidney and brain
regulates the body’s overall metabolism.’®
Both the receptors (TRa and TRp) are similar
in structure and amino

acid sequence. The only major difference
is found in the ligand binding domain, involv-
ing one change in amino acid (Ser277 in TRa
and Asn331 in TRB). From the co-crystal
structure of human TRa1 bound T3 (mono-
clinic form, PDB code: 2H77), it can be seen
that a hydrophobic pocket forms around
.BD with nearby amino acid residues from
the different helix like H5-6 (Met 256-Arg266)
H7-8, H-3 (Phe215-Arg 228), H-11(His381-
His387) and H-12 (Figure 9(A)).® T3 binds in
more stable transoid form at the hydrophobic

core through hydrogen bonding interactions
between the 3-alanine group and the 4-OH
of T3 with Arg228 and His381, respectively.
Interestingly, this binding is further stabilized
by a halogen bond (XB) interaction between
the backbone carbonyl of Phe218 and the
3-iodine atom of T3 (leeeQ) with a dleee of
3.1 A8 Similarly, from the co-crystal of TRB1
bound T3 (PDB code: 1XZX), similar type of
binding is found in the LBD with T3 where the
B-alanine group of T3 forms hydrogen bond
with the Arg282 and Asn331. In contrast, in
the case of TRal, it is only with Arg228. The
presence of XB is found with the 3-iodine of
T3 and backbone carbonyl of Phe272 with
dleeeO 0f 3.2 A (Figure 9(B)) ."85% The thyroid
receptor has a higher binding affinity towards
T3 (Kd= 0.06 nM) than T4 (Kd=2 nM). The
30-fold increase in the affinity for T3 can be
explained by comparing the crystal structure
of T4-bound TRB1 (PDB code: 1YOX) with
that of T3, which reveals that a deformation
of ligand binding domain (LBD) is created
in order to accommodate two bulky iodine
atoms of T4 in the phenolic ring, creating
more steric hindrance (Figure 9(C)).

A)

His435

Figure 9. (A) Hydrogen bonding and halogen bonds observed in the T3-binding sites
of Tral (PDB codes: 2H77). (B,C) Crystal structures of TRB in complex with T3, (PDB
code: 1XZX) and T4, (PDB code: 1Y0X).) (D) TR (PDB code: 3JZC) in complex with

trilodothyroacetic acid.
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3,5,3-triiodothyoacetic acid (TA3), which
shows thyromimetic activity, has almost
three-fold higher binding affinity towards
TRB than that of TRa. A comparison of
the co-crystals of TRa-TA3 (PDB code:
3JZB) and TRB-TA3 (PDB code: 3JZC), indi-
cates that T3A forms a hydrogen bond with
Arg266 in TRa, whereas in TR, it forms two
hydrogen bonds with Arg320 and Asn331.
These interactions resemble similar interac-
tions found in the T3-TRs complexes (Figure
9(D)). The presence of Asn331 in TRB makes
the ligand binding domain more flexible and
it creates higher ligand binding volume (500
A3 in TRB) as compared to that of TRa (461
A3). These bonding motifs may explain the
better selectivity of TA3 towards TRp."

Summary and Future Perspectives

Thyroid hormones (THSs) play key roles in
almost every cell in the body. They regulate
our body metabolism, increase the basal
metabolic rate, help in protein synthesis,
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iodothyronine deiodinases (DIOs), which
exert their catalytic activity through sele-
nocysteine residues. The modulation of the
activities of DIOs appears to be a promising
strategy for treating various thyroid disor-
ders. In particular, the type 3 enzyme, DIOS,
can be an interesting drug target for diseases
including cancer and future research may
focus on the development of isoform-spe-
cific inhibitors for these enzymes. Additional
studies on the structure and function of
deiodinases may help understanding the
selectivity and biochemical mechanism of
regioselective deiodination.
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