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Thyroid hormones (THs) are key players in the endocrine
system and play pivotal roles in carbohydrate and fat metabo-
lism, protein synthesis, overall growth, and brain development.
The thyroid gland predominantly produces thyroxine or
3,5,3',5"-tetraiodothyronine (T4) as a prohormone; three iso-
forms of a mammalian selenoenzyme—iodothyronine deiodi-
nase (DIO1, DIO2 and DIO3)—catalyze the regioselective de-
iodination of T4 to produce biologically active and inactive me-
tabolites. Whereas DIO1 catalyzes both 5- and 5’-deiodination
of T4, DIO2 and DIO3 selectively mediate 5- and 5'-deiodina-
tion, respectively. In this review we discuss the regioselective
deiodination of THs in the presence of organochalcogen com-

1. Introduction

Thyroid hormones (THs), secreted from the thyroid gland, reg-
ulate almost all physiological processes, including protein syn-
thesis, carbohydrate and fat metabolism, neural and brain de-
velopment, overall growth and maturation of bones, and cardi-
ovascular and renal functions. The production of THs is tightly
regulated through the combined action of hypothalamus and
pituitary, which secrete thyrotropin-releasing hormone (TRH)
and thyroid-stimulating hormone (TSH), respectively, and con-
trol TH biosynthesis through a classic negative feedback loop
(Figure 1A)." The biosynthesis of THs occurs from a tyrosine-
rich glycoprotein, thyroglobulin (Tg), located at the follicular
lumen of thyroid follicles. The heme-containing enzyme thy-
roid peroxidase (TPO) catalyzes the iodination of tyrosine resi-
dues on Tg to produce 3-iodotyrosine (MIT) and 3,5-diiodotyro-
sine (DIT). Phenolic coupling of two DIT residues in the pres-
ence of TPO generates Tg-bound 3,5,3',5-tetraiodothyronine
(L-thyroxine or T4), and finally T4 is released from Tg by pro-
teolysis (Figure 1B). Although T4 is the primary product pro-
duced by the thyroid gland, a small fraction of the biologically
active metabolite 3,5,3'-triiodothyronine (T3) is also generated,
through the coupling of DIT and MIT residues on Tg."

After its biosynthesis, T4 is released into the bloodstream
and is carried to its target organs by three transport proteins:
thyroxine-binding globulin (TBG), transthyretin (TTR), and
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pounds. Naphthalene-based compounds containing sulfur
and/or selenium at the peri positions mediate regioselective 5-
deiodination of THSs, detailed mechanistic studies having re-
vealed that the heterolytic cleavage of the C—| bond is facilitat-
ed by the formation of cooperative Se/S--| halogen bonds and
Se/S-Se chalcogen bonds. We also discuss the biomimetic dei-
odination of several TH metabolites, including sulfated THs,
iodothyronamines, and iodotyrosines. A brief discussion on the
dehalogenation of halogenated nucleosides and nucleobases
in the presence of organochalcogen compounds is also includ-
ed.

human serum albumin (HSA).” Whereas TBG and TTR each
bind two molecules of T4, HSA has four T4-binding sites (Tr1-
4, Figure 1C-E). However, TBG exhibits the highest affinity to-
wards T4 and is a major T4 carrier in blood. T4 is internalized
in the target tissues mainly through the action of monocarbox-
ylate transporters 8 (MCT8) and 10 (MCT10) and of organic
anion transporter 1c1 (OATP1C1).l" In the target tissues, T4
undergoes 5'-deiodination through the action of iodothyronine
deiodinase type 1 (DIO1) and type 2 (DIO2) to generate the
active metabolite T3. T3 binds to nuclear TH receptors a (TRa)
and B (TRB), which recognize the TH-responsive elements
(TREs) on target genes and regulate gene expression with the
help of co-activator and co-repressor proteins. In this review
we discuss the regioselective deiodination of THs in the pres-
ence of synthetic deiodinase mimics and the mechanism of C—
| bond activation involving halogen- and chalcogen-bonding
interactions. We also discuss the altered reactivity of 5- and 5'-
iodo substituents in THs and several TH metabolites in the
presence of various organochalcogen compounds.

2. lodothyronine Deiodinases (DIOs) and
Deiodination of Thyroid Hormones

DIOs are a family of mammalian selenoenzymes that catalyze
the deiodination of THs and play important roles in TH homeo-
stasis.”) Depending on the primary structure and substrate
specificity, three isoforms—iodothyronine deiodinase types 1
(DIO1), 2 (DIO2), and 3 (DIO3)—that exhibit tissue-specific
expression patterns are identified. Interestingly, DIOs exhibit
different regioselectivity for deiodination: DIO1 catalyzes both
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5- and 5'-deiodination of THs, whereas DIO2 and DIO3 are
completely selective towards 5- and 5-deiodination, respec-
tively. DIO1 and DIO2, for example, mediate 5'-deiodination of
T4 to T3, whereas DIO1 and DIO3 catalyze 5-deiodination of T4
to form the inactive metabolite 3,3',5'-triiodothyronine (rT3,
Figure 2A). Both T3 and rT3 are converted into various other
deiodinated metabolites through sequential deiodinations.
Each DIO contains an active-site selenocysteine residue, muta-
tion of which to cysteine leads to reduced catalytic efficiency.”
Furthermore, DIOs exhibit significant sequence similarity in the
active-site region, indicating that they share a common mecha-
nism for 5- and 5’-deiodinations.

The crystal structure of the catalytic domain of mouse DIO3
(mDIO3%") containing a Sec170Cys mutation was reported by
Schweizer et al. The structure indicated that mDIO3“" exhibits
a thioredoxin (Trx) fold consisting of a five-stranded mixed f3-
sheet flanked by four a-helices (Figure 2B). Whereas the pres-
ence of N-terminal -sheets (BN1 and BN2) and a 3,,-helix (©1)
make mDIO3“" different from peroxiredoxins, loops D, aD and
BD, together termed the DIO-specific insertion, are unique to
mDIO3“*, Catalytically important Sec170 is located in a cleft be-
tween a1 and 1, corresponding to the position of a peroxi-
datic cysteine residue in thioredoxin (Figure 2B). The
substrate-binding mode, modeled by superimposing the
His435--T3--:Arg282 clamp of the T3-TRp complex on
mDio3“"--His202---Arg275, places the 4'-OH and 5-iodo moiet-
ies near His202 and Sec170, respectively (Figure 2C). The f-ala-
nine backbone of T4 might be stabilized by Arg275 and
Glu259, which were shown to be important for the catalysis."

3. Biomimetic Deiodination of Thyroid
Hormones

Despite several mutagenesis-based investigations and other
biochemical studies with DIOs, the mechanism of deiodination
remained elusive for decades. The structure of mDIO3“" sug-
gested that the Sec170 residue abstracts iodine from T4 to
form a selenenyl iodide, and that this, upon reaction with the
resolving Cys239, generates a Sec170—Cys239 selenosulfide.
This intermediate is reduced by Cys168 to regenerate the
enzyme active site along with a Cys239—Cys168 disulfide
bond, which is further reduced by protein thiols.®>“* However,
the mechanism of C—I bond activation and the removal of
iodine from THs are poorly understood. Several organochalco-
gen compounds were developed in efforts to understand the
mechanism of TH deiodination.

Early studies showed that 2,6-diiodo-4-nitrophenol can be
monodeiodinated in the presence of selenophenol (PhSeH)
under reflux conditions.” A T4 derivative—compound 1
(Scheme 1)—underwent both mono- and dideiodination in the
presence of sodium hydrogen telluride (NaHTe) to form 2 and
3, respectively, although use of sodium telluride (Na,Te) exclu-
sively generated the dideiodinated product.® Sterically hin-
dered selenol 4 was reported to catalyze selective 5'-deiodina-
tion of 1 in the presence of triethylamine to form 2 and the
corresponding selenenyl iodide 5 (Scheme 1B).”" However,
higher temperature (50°C) and an organic solvent (CDCl;) were
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Figure 1. A) Action of THs in different target organs. B) Biosynthesis of T4 from thyroglobulin. Crystal structures of C) TBG-T4 (PDB ID: 2CEQ),* D) TTR-T4
(PDB ID: 2ROX),** and E) HSA-T4 (PDB ID: 1HK1)®! complexes. T4-binding sites are highlighted by boxes, with T4 shown in space-filled model.
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Figure 2. A) Deiodination of THs through the action of DIOs. B) Crystal structure of mDIO3“", indicating the thioredoxin fold and the amino acid residues
important for catalysis (PDB ID: 4TR4).”) C) T4-binding site on mDIO3<", Reproduced, with permission, from ref. [4]. Copyright: 2014, National Academy of
Sciences.
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Scheme 1. Deiodination of 1 in the presence of A) NaHTe, and B) 4. C) Deiodination of 6 and 7 in the presence of 4, indicating the importance of the 4-OH

group for 5'-deiodination. D) Proposed mechanism of deiodination.”

used for this reaction. Interestingly, compound 7, a truncated
model of T4 bearing a 4’-methoxy substituent, did not react
with 4, whereas compound 6, with a 4'-OH group, generated 8
in the presence of 4 (Scheme 1C). On the basis of these obser-
vations, a mechanism involving the enol-keto tautomerization
of the 4-OH group was proposed for C—| bond activation of
T4 (Scheme 1D).”
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In addition to Sec170, the cysteine residue Cys168, con-
served in DIO1 and DIO3 (Figure 3 A), is important for catalytic
activity, because the Cys168Ala DIO3 mutant exhibits half the
activity of the wild-type enzyme™ This structural motif in-
spired us to synthesize compound 10, containing a thiol and a
selenol moiety at the peri positions of the naphthalene ring, as
a functional DIO model (Figure 3B).”®! Interestingly, treatment
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Figure 3. A) Design of a functional DIO model. B) Chemical structures of 10-14. C) HPLC chromatograms for the conversion of T4 to rT3 in the presence of 10
at different time intervals. The inset indicates the time-dependent increase in deiodination. D) Deiodination of T4 and T3 in the presence of 10 to form rT3

and 3,3'-T2, respectively. E) Relative deiodinase activities of 10-14.
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of T4 with 10 under physiologically relevant conditions (phos-
phate buffer, pH 7.5, 37 °C) led to a time-dependent disappear-
ance of the T4 peak in the HPLC chromatogram with simulta-
neous appearance of a new peak at around 30 min (Figure 3C).
Mass spectrometric analysis and comparison with an authentic
sample identified the new product as rT3. Interestingly, no fur-
ther deiodination was observed even in the presence of excess
amounts of 10. Similarly, when T3 was used as a substrate,
treatment with 10 led to the formation of 3,3'-T2 (Figure 3D)
as the only deiodination product. No deiodination was ob-
served when rT3 and 3,3-T2 were treated separately with 10
under identical conditions. These results indicate that 10 medi-
ates exclusive 5-deiodination of T4 and T3, and therefore
mimics the activity of DIO3. Notably, 10 was oxidized to the
corresponding selenosulfide during the deiodination, so dithio-
threitol (DTT) was used to maintain a reducing environment in
the assay. However, DTT neither altered the regioselectivity nor
enhanced the rate of deiodination.”

Interestingly, replacement of the selenol moiety in 10 with a
thiol group (compound 11) led to an almost 13-fold decrease
in the activity (Figure 3E),”® consistently with the lower activity
of the Sec170Cys mutant in relation to wild-type DIO3.”! In
contrast, the replacement of the thiol group in 10 with anoth-
er selenol moiety (compound 12) led to an almost sixfold en-
hancement in the activity (Figure 3E), thus indicating that the
Cys168Sec mutation in DIO3 would likely increase the catalytic
efficiency.””” Notably, despite having higher activity, 12 neither
showed alteration of the regioselectivity of deiodination nor
mediated further deiodination of rT3 and 3,3'-T2. Interestingly,
compound 14, with a SePh substitution, exhibited activity
almost 12 times weaker than that of 12, whereas 13 was in-
active, thus indicating that the presence of selenium in the se-
lenol form is crucial for efficient deiodination (Figure 3 E).””

The activities of DIO1 and DIO3 are known to be pH-de-
pendent.®™ Whereas, at neutral pH, DIO1 catalyzes 5'-deiodina-
tion of T4, at alkaline pH it mediates 5-deiodination of T3. In
contrast, DIO3 does not catalyze 5'-deiodination of T4, T3, or
rT3 over a wide pH range, although it exhibits significantly
higher activity at alkaline pH. We studied the deiodination of
T4 and T3 in the presence of 10 and 12 at various pH values.
Both 10 and 12 mediated only 5-deiodination of these hor-
mones over a wide pH range. Furthermore, these compounds
exhibited significantly higher deiodinase activity at alkaline
pH.[9]

DIO1 activity is sensitive to gold thioglucose (GTG), iodoace-
tic acid (IAA), and the anti-hyperthyroid drug 6-n-propyl-2-thio-
uracil (PTU). However, DIO2 and DIO3 are insensitive to these
inhibitors.®*>'% Whereas GTG and IAA inactivate DIO1 by cova-
lently modifying the Sec170 residue, PTU reacts with the sele-
nenyl iodide intermediate, formed during the enzymatic reac-
tion, to generate a dead-end selenosulfide product. Deiodina-
tion of 1 in the presence of 4 (Scheme 1) also proceeded via
the selenenyl iodide 5.” To investigate whether the 5-deiodi-
nation of T4 in the presence of 12 proceeds through such an
intermediate, we studied this reaction in the presence of PTU.
However, no inhibition of activity was observed up to 0.45 mm
PTU, thus indicating that the deiodination of T4 in the pres-

ChemBioChem 2020, 21, 1-15

These are not the final page numbers! 22

www.chembiochem.org

CHEMBIOCHEM
Minireviews

ence of 12 might not generate a selenenyl iodide."" Interest-
ingly, treatment of 12 with IAA did not generate the expected
Se-carboxymethylated product, but instead led to the rapid de-
iodination (even faster than that of T4 and T3) of IAA to acetic
acid. These observations suggest that DIO3 might deiodinate
IAA and, therefore, is insensitive to IAA.®™

Although the 5'-deiodination of T4 in the presence either of
DIO1 or of synthetic selenols was shown to involve keto-enol
tautomerism of the 4-OH group (Scheme 1D), such a mecha-
nism is not feasible in the case of 5-deiodination. Therefore, it
was hypothesized that the deiodination of T4 in the presence
of 10 might follow a nucleophilic aromatic substitution (SyAr)
pathway.""! The attack of 10 at the 3-position of T4, leading to
the formation of 15 through the Meisenheimer complex (Fig-
ure 4A), and subsequent attack of the thiol on the electrophilic
selenium atom of 15 might generate rT3. However, no forma-
tion of any species such as 15, containing a carbon-selenium
bond, was observed by "’Se NMR spectroscopy, even at low
temperature (—20°C). At —20°C, deiodination of T4 did indeed
produce rT3 and the oxidized selenosulfide corresponding to
10, thus indicating that the reaction does not generate any
stable intermediates."” Accordingly, it was hypothesized that
the C—l bond in T4 might be activated through the formation
of a halogen bond (XB) between the thiol/selenol system in
10, 11, or 12 and iodine. Owing to the anisotropic charge dis-
tribution, halogen atoms in organic halides contain significant
amounts of positive charge (o-hole) along the C—X axis and
form XBs in the presence of electron donors."? The 5-iodo
substituents of T4 enter into I-+-O and I-:N XBs with the Ala109
and Leu110 residues, respectively, of TTR (Figure 1D).”*” With
the aid of density functional theory (DFT), Bayse and Rafferty
showed that S-| and Se--| interactions can activate C—| bonds
in aromatic iodides, and the activation barriers for such re-
actions in the cases of MeSeH and MeSH were calculated to be
17.6 and 19.8 kcalmol™, respectively. Furthermore, the depro-
tonation of MeSeH to MeSe™ was shown to strengthen the
Se-| interaction.™

To investigate the possibility of formation of XBs by THs in
the presence of selenols/thiols, we generated electrostatic
potential maps of THs. Interestingly, the iodine atoms in the
THs contain significant amounts of positive charge for possible
formation of XBs (Figure 4B)." Furthermore, treatment of 16
(Figure 4 C), which lacks the additional thiol/selenol group and
does not catalyze deiodination of T4/T3, with increasing con-
centrations of iodobenzene (IB) resulted in a gradual downfield
shift of the ”’Se signal of 16, indicating the formation of a Se-|
XB (Figure 4D). To understand the strength of such XBs formed
by 10-12, we performed DFT calculations on complexes 17-22
with IB as a model system (Figure 4C). Briefly, the replacement
of the thiolate system in 17 with a selenolate system, as in
compound 18, marginally increases (~1.7 kcalmol™') the XB
strength. However, the presence of an additional selenolate or
thiolate at the peri position, as in compounds 19-22, dramati-
cally enhances the XB strength and decreases the C—| bond
order in comparison with those in 17 and 18 (Figure 4C; see
table). Notably, in the cases of 19-22, in addition to the E--I
XB, Se/S-E interactions (chalcogen bonding) are also observed.
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Figure 4. A) Possible SyAr mechanism for deiodination of T4. B) Electrostatic potential maps of THs. Reproduced, with permission, from ref. [11]. Copyright:
2011, American Chemical Society. C) Chemical structures of 16-22. The table lists the E-I interaction energies and C—I bond orders in 17-22. D) Downfield
shift of the 7/Se NMR signal of 16 upon addition of iodobenzene (IB), indicating the formation of a Se-I XB. E) Proposed mechanism of deiodination of T4.

F) Optimized structure of T4 indicating the charges (green) on iodo substituents and C—I bond lengths (brown). G),

H) Optimized structures of halogen-

bonded complexes formed through G) the 5-, and H) the 5'-iodo substituents of T4 with methyl selenolate (MeSe~). C—I and Se-| bond lengths are given

in A,

These observations indicate that upon donation of electron
density to the o* orbital of the C—I bond, the chalcogen
center, involved in XB, increases in electrophilicity and enters
into a Se/S-E chalcogen-bonding interaction. On the basis of
these observations, we proposed a mechanism of deiodination
of T4 in the presence of 12 (Figure 4E)." Initial formation of a
Se-| XB between T4 and 12 generates a partial positive
charge on the halogen-bonded selenium atom and facilitates
Se-Se chalcogen bonding. This further strengthens the Se-l
interaction, leading to a heterolytic cleavage of the C—I bond.
Protonation of the resulting carbanion produces rT3 and HlI,
and 12 is oxidized to a diselenide that is subsequently reduced
by DTT. Although 22, containing a thiolate/selenolate pair,
forms a stronger XB with IB than 20, which contain two sele-
nolate groups (Figure 4C; see table), the higher activity of 12
in relation to 10 is explained on the basis of complete and par-

ChemBioChem 2020, 21, 1-15 www.chembiochem.org

tial deprotonation of selenol and thiol groups, respectively, at
physiological pH. Notably, 10 and 12 exhibited similar activity
at pH 11. Natural bond orbital (NBO) analysis indicated that the
5-iodo substituents in T4 contain more positive charge than
their 5'-iodo counterparts (Figure 4F).' Consequently, a 5-
iodo substituent (66.23 kcalmol™') enters into a stronger Se--|
interaction with MeSe™ than a 5-iodo substituent (58.07 kcal
mol~', Figure 4G, H), thus accounting for the observed regiose-
lectivity of deiodination of T4 in the presence of 10-12. Al-
though the neighboring thiol/selenol moieties in compounds
10-12 are responsible for the formation of S/Se-S/Se chalco-
gen bonding that enhances the strength of S/Se--l halogen
bonding and helps in the reductive cleavage of the C—I bonds
in THs in the presence of deiodinase mimics, no such type of
cooperative mechanism is known for the DIOs. Notably, the
Cys168 and Cys239 residues in DIO3 help in reducing the sele-
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nenyl iodide intermediate and regenerating the enzyme active
site (discussed earlier).

Sicilia and co-workers studied the transition states (TSs) of
the regioselective 5-deiodination of T4 in the presence of 10—
12 with the aid of solution-state DFT calculations." Inspired
by the histidine residue in the DIO active site (vide infra), imi-
dazole was used as a general acid/base for the deiodination.
The calculated free energy profile revealed that the deiodina-
tion reaction follows four steps (Figure 5). In the first step, a se-
lenolate/thiolate is generated by proton abstraction from one
of the selenols/thiols in 10-12 by imidazole. Next, the forma-
tion of a Se/S-+| XB elongates the C—I bond; proton transfer
from the imidazolium ion to the carbon atom of the C—I bond
then leads to the heterolytic cleavage of this bond along with
the formation of a selenenyl/sulfenyl iodide intermediate
(INT2). Subsequently, the chalcogen interaction facilitates
proton transfer from the adjacent selenol/thiol to iodine, lead-
ing to the formation of a chalcogen-chalcogen bond and elimi-
nation of HI. The rate-determining step of this whole process is
the heterolytic cleavage of the C—I bond: that is, the formation
of INT2 from INT1 by way of TS2 (Figure 5B). The activation
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|
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I
H CO.H H,CO-H
P NH; INT2 NH,
B)

AG (kcal/mol)

ES TS1 INT2 TS3 EP
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Figure 5. A) Proposed steps, and B) free energy profile of the deiodination of
T4 in the presence of 10 (-+) and 12 (—). Panel B is reproduced, with per-
mission, from ref. [15]. Copyright: 2015, Wiley-VCH.™!
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energy barriers for this step are 18.2, 20.1, and 22.7 kcalmol™'
in the cases of 12, 10, and 11, respectively."” These results are
consistent with the observed reactivity of 10-12 in the deiodi-
nation of T4. Although these TS calculations also suggest the
pivotal role of XBs and of chalcogen bonding in the deiodina-
tion, the formation of selenenyl/sulfenyl iodide intermediates
was not detected experimentally (vide supra)."”

The use of site-directed mutagenesis, pH-dependent kinet-
ics, and histidine-targeted reagents suggested that, in addition
to Cys and Sec, one or more histidine residues are important
for the activity of DIOs.”! The formation of a selenolate/imida-
zolium zwitterion is known to activate Sec170 of DIO1 for nu-
cleophilic attack. Although His158 and His174 are conserved in
DIO2 and DIO3, selenolate/imidazolium zwitterion formation is
unknown for these enzymes. To understand the role of histi-
dine in deiodination, we synthesized 23-29, containing basic
secondary amino groups (Figure 6A).2°™ Interestingly, 23 and
26-29 showed significantly higher activities than the parent
compounds 11 and 12, respectively, whereas 24 and 25 exhib-
ited lower activities than 10 (Figure 6B). Detailed theoretical
and NMR spectroscopic studies indicated that the presence of
the amino group facilitates Se-+N chalcogen bonding in these
compounds and leads to deprotonation of the nearby thiol/
selenol. As an example, the 7’Se signal for one of the selenols
(76 ppm) in 26 is significantly shifted upfield in relation to the
other selenol (214 ppm) in the same compound and to that in
12 (155 ppm), thus indicating the deprotonation of the selenol

R
si si NZ.  SH seH NZ SeH SeH N{
24, R = Me 26, R =Me; 27, R=Et
25,R = Et 28, R =Pr; 29, R =iPr
B
) 2 160+
2
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S 40l
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g o
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Hydrogen Sulfur

Figure 6. A) Chemical structures, and B) relative deiodinase activities of 23—
29. C) Crystal structures of the corresponding selenosulfide and diselenide
of 25 and 27, indicating the Se-N interactions.
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next to the amino group. Se--N interactions are also observed
in the crystal structures of the oxidized selenosulfide and dise-
lenide forms of these compounds (Figure 6C). The higher ac-
tivities of 23 and 26-29 in relation to the parent compounds
are explained on the basis of Se-+N interactions and selenol
deprotonation, strengthening both Se--Se and Se-l interac-
tions at the intermediate stage and facilitating the C—I bond
cleavage. Compounds 24 and 25 would be expected to form
XBs with T4 through their selenium centers, so the presence of
the amino group near the selenol sterically hinders such inter-
action and these compounds therefore exhibit lower activity
than 10.1"

Despite their higher activities, 23-29 mediate only 5-deiodi-
nation of T4 and T3. Interestingly, replacement of selenium in
10 and 12 with tellurium, which would be expected to form
stronger XBs than selenium, led to both 5- and 5’-deiodination
of T4."¥ Treatment of T4 with catalytic amounts of 30 and 31
(Figure 7A) produced only rT3, whereas the use of stoichio-
metric amount of these compounds generated six deiodinated
products—rT3, 3,3-T2, 3',5-T2, 3-T1, 3’-T1, and TO—from T4
(Figure 7B). In terms of the concentrations required for 5-deio-
dination of T4, 30 and 31 were found to be over 1000 times
more active than 12. Interestingly, in contrast to 10 and 12,
compound 30, containing a thiol/tellurol pair, exhibited higher
activity than 31, containing two tellurol groups (Figure 7C). TS
calculations similar to those described earlier for 10-12 indicat-
ed that the activation energy barrier for the rate-determining
step is slightly higher for 31 than 30 and the same for 12 is
higher than those for both 30 and 31."”! These computational
results are totally in agreement with the observed reactivity of
12, 30, and 31 in the deiodination of T4. Furthermore, inde-
pendent treatment of deiodinated T4 metabolites indicated
that 30 and 31 mediate all the possible 5- and 5’-deiodina-
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Figure 7. A) Chemical structures of 30-33. B) HPLC chromatograms showing
deiodination of T4 in the presence either of 30 or of 31. C) Comparison of
deiodination activities of 12 and 30-33 for different THs. D) Sequential de-
iodination of T4 to TO in the presence either of 30 or of 31. D refers to de-
iodination.

ChemBioChem 2020, 21, 1-15 www.chembiochem.org

CHEMBIOCHEM
Minireviews

tions, except for the 5’-deiodinations of T3 and 3'-T1 to form
3,5-T2 and TO, respectively (Figure 7C and D). Interestingly, 32
and 33, each containing one tellurol moiety, also mediate 5-de-
iodination of T4, T3, and 3,5-T2 but with significantly lower ini-
tial rates than 30 and 31 (Figure 7 C).'® Notably, selenocysteine
and selenophenol (PhSeH) do not exhibit such activity.

Although the tellurium-containing compounds mediate 5'-
deiodination of THs, DIO1 and DIO2 mediate the same through
having selenocysteine in the active site, thus indicating that
some other factor might alter the reactivity of the 5- and 5'-
iodo substituents. Recently we have shown that commercially
obtained T4 exists in at least two different stable conforma-
tions with different physical properties."® Furthermore, solid-
state '>*C NMR indicated that the reactivities of the C—l bonds
in these two conformations are different. Therefore, we hy-
pothesized that the reactivities of the 5- and 5’-iodo substitu-
ents of T4 might be altered by different conformational param-
eters. Notably, we found that T4 binds to its transport proteins
and receptors in various conformations (Figure 8A). In most of
the conformations the 5-iodo substituent enters into a stron-
ger XB with MeSe™ than its 5-iodo counterpart, but at ®=0°
and @'=94° both of these iodo substituents form equally
strong XBs with MeSe™, thus indicating that both 5- and 5'-de-
iodinations would be equally feasible in this conformation (Fig-
ure 8B). Furthermore, variations in ¥' and v at @ =0° afforded
many conformations of T4 in which the 5-iodo substituent
forms a stronger XB than its 5-iodo counterpart (Figure 8C)."®
These observations suggest that DIOs might bind T4 in differ-
ent conformations to catalyze regioselective 5- and 5'-deiodi-
nations.

4. Biomimetic Deiodination of Thyroid
Hormone Metabolites

In addition to deiodination, THs undergo a variety of other
metabolic pathways, including sulfation, glucuronidation de-
carboxylation, and oxidative deamination.'”? These pathways
mainly increase the excretion of THs through urine and/or bile.
Interestingly, like THs, these metabolites are further deiodinat-
ed through the action of DIOs. T4S, containing a sulfate conju-
gation on the 4-OH group, for example, undergoes 5-deiodi-
nation in the presence of DIO1 (Figure 9A). Similarly, T3S and
T3S undergo 5'- and 5-deiodination, respectively, by DIO1 to
form 3,3'-T2S. However, DIO1 does not catalyze 5-deiodination
of T4S to T3S, and none of these metabolites is accepted by
DIO2 and DIO3 as a substrate.!'>'?

We studied the biomimetic deiodination of sulfated THs in
the presence of 10, 12, 26, and 34-37 (Figure 9B). In contrast
to T4, deiodination of T4S in the presence of 12 produces T3S,
rT3S, and 3,3'-T2S, thus indicating that the sulfate conjugation
alters the regioselectivity of deiodination (Figure 9C).*® Fur-
thermore, T3S and rT3S undergo 5- and 5-deiodination, re-
spectively, in the presence of 12 to form 3,3-T2S. However,
3,3'-T2S does not undergo further deiodination in the presence
of 12. Comparisons of initial rates indicate that the deiodina-
tion of T4S in the presence of 10, 12, 26, and 34-37 is faster
than that of T4 by factors of almost three to eight (Figure 9D).
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These results are consistent with the faster deiodination of sul-  more, biomimetic 5'-deiodination of rT3S is significantly faster
fated metabolites than of THs in the presence of DIO1. Further-  than 5-deiodination of T3S, thus indicating that 5’-deiodination
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contributes significantly to the overall deiodination of T4S. The
higher activity of 36 in relation to 10 and 12 indicated that
substituents other than amino groups in close proximity to
one of the selenols can also enhance deiodination (Figure 9D).
DFT calculations indicated that 5- and 5-iodo substituents in
the sulfated metabolites are engaged in stronger XBs with
MeSeH than those in the parent THs (Figure 9E). Furthermore,
the 5-iodo substituents of T4S and rT3S form stronger XBs
with MeSeH than the 5-iodo substituents. These observations
might account for the altered regioselectivity and faster bio-
mimetic deiodination of sulfated metabolites in relation to
THS.[ZO]

We also studied the deiodination of iodothyronamines
(TAMs), which are generated endogenously by decarboxylation
of B-alanine backbone of THs, in the presence of organoseleni-
um compounds 12 and 36-41 (Figure 10A). Interestingly, of
the nine metabolites, only 3-TTAM and TOAM (Figure 10A)
have been detected in various organisms, and these metabo-
lites induce hypothermia and bradycardia in mice.">*" Like
THs, TAMs are sequentially deiodinated through the action of
DIOs.”? T3AM and 3,5-T2AM undergo 5-deiodination to gener-
ate 3,3'-T2AM and 3-T1AM, respectively, in the presence of 12
and 36-41.% As observed with THs and sulfated analogues,
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compounds 36-40, with different heteroatoms (oxygen, nitro-
gen, and sulfur) in close proximity to one of the selenols, ex-
hibit higher activity than 12 (Figure 10B). Intramolecular Se---X
(X=N, O, S) interactions, responsible for higher activity of 36—
40, are observed in the 77Se NMR spectra of these compounds
and in the crystal structures of the corresponding diselenides
(Figure 10C and D). Interestingly, compound 41, which might
engage in intermolecular Se--S interactions, exhibits activity
similar to that of 40, thus indicating that such intermolecular
interaction might also enhance the deiodinase activity.'**!
Notably, T3AM and 3,5-T2AM undergo slower deiodination
than T3 and 3,5-T2 in the presence of deiodinase mimics (Fig-
ure 10B), consistently with the observed rates of deiodination
of TAMs through the action of DIOs. Interestingly, T3AM and
3,5-T2AM form weaker XBs with MeSe™ than T3 and 3,5-T2, re-
spectively (Figure 10E). Detailed kinetic studies indicated that
T3 and T3AM exist as a dimer and as the monomer, respective-
ly, in solution and that the dimerization of T3 significantly en-
hances the collision frequency of the reactants and decreases
the activation energy barrier. Furthermore, formation of |-
XBs, as observed in the crystal packing of T3 (Figure 10F), in
the T3 dimer might also enhance the deiodination. NBO calcu-
lations indicate that one of the iodine atoms (l,) acquires more
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Figure 10. A) Chemical structures of TAMs and of 37-41. B) Initial rates of deiodinations of TAMs and THs in the presence of 12 and 36-41. C) Crystal struc-
tures of the corresponding diselenides of 36, 38, and 40. D) ”’Se NMR signals of 36-41. E) Optimized geometries of halogen-bonded complexes formed

through the 5-iodo substituents of T3 (top) and T3AM (bottom) with MeSe™.

F) Crystal packing of T3, indicating the I-«I interactions. G) I-+I halogen-bonded

dimer of T3, indicating the charges on iodo substituents. C—I, Se-I/O/N/S, and I-I distances are given in A.
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nines and iodotyrosines with MeSeH and MeTeH.

positive charge (0.276) in the I--I halogen-bonded state than in
the isolated state (0.260), thus suggesting that I, in the T3
dimer would likely be engaged in a stronger Se-l interaction
(Figure 10G)."

Acidic cleavage of the diaryl ether bond in T4 produces 3,5-
diiodotyrosine (DIT). DIT, together with MIT, is also produced
during the biosynthesis of T4, through proteolysis of Tg. DIT
and MIT are deiodinated through the action of iodotyrosine
deiodinase (IYD) to produce MIT and L-tyrosine, respectively,
and the released iodide is reused in the T4 biosynthesis path-
way (Figure 11 A)." |YD uses flavin mononucleotide (FMN) as a
cofactor; the reduced form of FMN (FMN,.4) donates two elec-
trons, facilitated by the direct positioning of the C—I bond over
the N-5/C-4a region of flavin (Figure 11B), and one proton to
the iodinated substrates to generate the oxidized form of FMN
(FMN,,).?¥ Interestingly, 30 and 31 mediate deiodination of DIT
to MIT, but MIT does not undergo deiodination in the presence
of these compounds.'® Furthermore, DIT does not undergo
deiodination in the presence of 12, 32, and 33, which, in con-
trast, deiodinate 3,5-T2 (Figure 7C), thus indicating the impor-
tance of the extra phenolic group in 3,5-T2 for deiodination.
Notably, the deiodination of 3,5-T2 in the presence of 30 and
31 is faster than that of DIT (Figure 11 D). DFT calculations with
MeSeH and MeTeH indicated that the strengths of Se/Te--|
interactions depend on the number of iodo substituents and
aryl rings (Figure 11 D). Whereas tellurium forms stronger XBs
than selenium in the cases both of iodotyrosine and of iodo-
thyronine, iodotyrosine derivatives form weaker XBs than iodo-
thyronine derivatives, thus accounting for the observed reac-
tivity of these metabolites.'®

5. Dehalogenation of Halogenated Nucleo-
bases and Nucleosides

Purine and pyrimidine nucleosides are halogenated through
the action of haloperoxidases. The halogenated nucleosides,
such as iodinated and brominated uridine and cytidine deriva-
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tives (Figure 12A), are incorporated into the DNA of dividing
cells during DNA replication, replacing thymidine (T). Under UV
irradiation, the halogenated nucleosides can cause DNA
damage, including single strand breaks and intra- and inter-
strand crosslinks, thus suggesting that dehalogenation of
these nucleosides is essential.”” Therefore, motivated by the
deiodination of THs and their metabolites in the presence of
organochalcogen compounds, we studied the dehalogenation
of the halogenated nucleobases and nucleosides shown in Fig-
ure 12A in the presence of 10-12, 26, 36, and 42-44.2% Al-
though all of these compounds converted the halogenated uri-
dine/2'-deoxyuridine/uracil and cytidine/2’-deoxycytidine/cyto-
sine derivatives into the corresponding dehalogenated prod-
ucts, debromination was found to be significantly slower than
deiodination for both types of nucleosides and nucleobases
(Figure 12B). Electrostatic potential maps of 5-iodouracil (IU)
and 5-bromouracil (BrU) showed that IU contains more positive
charge on the o-hole than BrU (Figure 12C), thus suggesting
that IU can engage in stronger XB than BrU with organochal-
cogen compounds. The crystal structure of a complex between
IU and 45 exhibited the potential of IU to engage in a Se-I XB
in the presence of organoselenium compounds (Figure 12D).
Detailed kinetic and mechanistic studies suggested that the
deiodination follows a halogen-bond-mediated pathway as
shown for THs, whereas debromination occurs through an ad-
dition/elimination pathway (Figure 12E). Notably, when using
7Se NMR spectroscopy, we detected an intermediate—com-
pound 46—on performing the debromination of BrU in the
presence of 10 at low temperature.”® These results indicate
that selenium might play a broader role, beyond TH deiodina-
tion, in the metabolism of halogenated organics in the body.

Summary and Outlook

lodothyronine deiodinases (DIOs) are important in the activa-
tion and deactivation of thyroid hormones (THs). These
enzymes catalyze the regioselective deiodination of thyroxine
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(T4) and its metabolites, and so are crucial for the maintenance
of TH homeostasis. The type 1 and 2 isoforms (DIO1 and DIO2)
mediate the 5’-deiodination of T4, which represents an activa-
tion pathway that produces the biologically active hormone
T3. On the other hand, the type 3 enzyme (DIO3) catalyzes the
removal of iodine from the inner ring (5-deiodination) of T4 to
produce the biologically inactive rT3. However, the exact mo-
lecular mechanisms of deiodination through the action of the
three isoforms of deiodinases remain unknown. It is not clear
how the enzymes mediate the removal of one iodine atom
selectively when four iodine atoms are present in T4. In this
review we describe the development of organochalcogen (S,
Se, and Te) compounds as functional mimics of the deiodinas-
es. Whereas naphthalene-based selenium/sulfur-containing
compounds mediate the regioselective 5-deiodination of THs
and iodothyronamines (TAMs), tellurium substitution in these
compounds leads to both 5- and 5'-deiodination of THs. Fur-
thermore, the sulfated TH metabolites also undergo 5- and 5'-
deiodination in the presence of the organoselenium com-
pounds. On the basis of experimental and theoretical investi-
gations, we have proposed a mechanism for the deiodination,
involving cooperative S/Se--| halogen-bonding and S/Se-S/Se
chalcogen-bonding interactions. Our studies indicate that DIOs
might also use Se-| halogen bonding for polarizing C—I bonds
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and reductive deiodination of THs. However, the origin of the
regioselectivity of deiodination of THs through the action of
the DIOs is not clear. Although it has been reported that the
binding between T4 and DIOs in different conformations can
alter the reactivity of 5- and 5’-iodo substituents, further stud-
ies such as X-ray crystal structures of DIO enzymes bound to
T4 and its derivatives are required in order to provide full
understanding of the effects of conformational change on the
regioselectivity of deiodination. Furthermore, studies on the re-
gioselective deiodination of TH in the presence of organosulfur
and selenium compounds in mammalian cells should be im-
portant for understanding of the cellular activity of the syn-
thetic compounds. The physiological co-substrate for the
deiodinases remains unknown, so model cellular studies might
help in identifying suitable co-substrates for these deiodination
reactions.
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