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Abstract: Thyroid hormones regulate almost every process in
the body, including body temperature, growth, and heart rate.
They influence carbohydrate metabolism, protein synthesis
and breakdown, and cardiovascular, renal, and brain function.
Two new polymorphs of synthetic l-thyroxine (T4) are
reported and the effect of polymorphism on the solubility of
this important hormone is shown. Conformational changes
were also discovered to have a remarkable effect on the
strength of halogen bonding and the reactivity of the C¢I
bonds, which could have a significant effect on the hormone
activity.

Thyroxine (T4), the main thyroid hormone that regulates
human metabolism, is synthesized from thyroglobulin by
thyroid peroxidase (TPO) in the presence of hydrogen
peroxide and iodide (Figure 1).[1] Thyroid hormones act on
every cell in the body and their action alters the basal
metabolic rate, protein synthesis, regulation of bone growth
and neuronal maturation, and sensitivity to other hormones.[2]

They are important for proper development and the differ-
entiation of all cells and they are known to regulate protein,
fat, and carbohydrate metabolism. Humans with low T4
levels, a condition known as hypothyroidism, suffer mental

slowness, weight gain, depression, and fatigue.[3] The structure
of T4 is unusual in that a diiodophenolic group is connected to
a diiodotyrosyl moiety through an oxygen atom. The ether
linkage appears to control the unique conformation and
biological activity of T4.[4] The phenolic ring is perpendicular
to the tyrosyl ring, with one of the iodine atoms of the
phenolic ring occupying a position close to the tyrosyl ring
(Figure 1).

The synthetic form of T4 is a lifesaver for the large
number of people with thyroid disorders. More than 200
million people around the world suffer from thyroid disorders
and most of them take T4, which is a drug with a narrow
therapeutic index.[3] Since thyroid hormone metabolism is
tightly regulated, minor variations in the inert ingredients,
manufacturing process, and solubility can affect the absorp-
tion and bioavailability of the drug. There have been reports
of adverse effects with generic T4, and the American Thyroid
Association (ATA), The Endocrine Society (TES), and the
American Association of Clinical Endocrinologists (AACE),
which represent more than 4600 clinical endocrinologists,
issued a joint statement suggesting that different brands of T4
are not bioequivalent, thus leading to differences in the
bioavailability of the drug.[5] The difference in bioavailability
has been ascribed to variation in the drug formulation.
However, it is not known whether a change in the crystalline
conformation of T4 can alter its physical and pharmacological
properties. Herein, we report on new polymorphs of T4,
which differ in terms of molecular conformation in the crystal
form and solubility. We also show that the halogen-bonding[6]

ability of the iodine atoms in T4 depends strongly on the
molecular conformation. Understanding the effect of con-
formational change on the reactivity of the C¢I bond is crucial
since T4 is a pro-hormone and the selective removal of iodine
atoms from T4 by three selenoenzymes, the iodothyronine
deiodinases Dio1, Dio2, and Dio3 (Figure S2 in the Support-
ing Information), is a key step in maintaining its biological
activity through receptor binding and thyroid hormone
homeostasis.[7]

Earlier structural studies of different salts and co-crystals
of T4[8] indicated that this compound can exist in both cisoid
and transoid conformations, which are determined by the
relative orientation of the diiodophenolic ring with respect to
the amino acid moiety. The structure of T4 in a salt-free
zwitterionic form is still unknown. When we crystallized T4
from a mixture of methanol and ammonia, rhomboid-shaped
triclinic crystals (Form I) in the P1 space group were obtained
(Figure 2).[9] Interestingly, when the compound was crystal-
lized from a mixture of acetonitrile and ammonia, relatively
larger rhomboid-shaped monoclinic crystals (Form II) in the
P21 space group were obtained. The X-ray structures of these

Figure 1. A) Biosynthesis of l-thyroxine (T4) from thyroglobulin by
thyroid peroxidase (TPO) in the presence of H2O2 and iodide. The
space-filling model indicates the relative orientation of the two
iodinated phenyl rings in T4.
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two forms indicate that T4 exists in a transoid conformation.
The unit cell parameters (Table S1 in the Supporting Infor-
mation) for these two crystals are different from those
reported earlier for the salts and co-crystals.[8] The present
study indicates that the transoid conformer of T4 itself can
exist in different polymorphic forms.

Interestingly, the two molecules present in the asymmetric
unit of each polymorph are not identical (Figure 2C and D).
This is probably due to different intermolecular interactions
in the crystals and the orientation of the amino and carboxylic
groups with respect to the diphenylether moiety. The crystal
packing diagrams for Form I and II show an extensive
halogen bonding (XB) network involving iodine and oxygen
atoms (Figure 3A and B). Weak interactions between the
phenolic ring iodine of one T4 molecule and the tyrosyl ring
iodine of neighboring T4 are observed in Forms I and II,
although the average I···I distance in Form II (3.779 è) is
shorter than that in Form I (3.849 è). In these cases, the
directional XB is formed through interaction of one of the
iodine atoms with the positive electrostatic potential (s-
hole)[10] of another iodine atom along the extension of the C¢I
bond. In both forms, one of the phenolic-ring iodine atoms
interacts with the carboxylic acid moiety of an adjacent unit to
form a relatively stronger XB (I···O: 3.087 è in Form I and
3.264 in Form II). Interestingly, in Form II, one of the
phenolic-ring iodine atoms is halogen bonded to a water
molecule, with an I···Ow distance of 3.418 è and a C¢I···Ow

angle of 178.588. The water is in fact involved in hydrogen
bonding (HB) with other water molecules (Figure 3B). It
should be noted that XB with water molecules is extremely
rare, and a literature search indicated few nontrivial C¢
X···OW contacts.[11] It has been shown that XB controls the
selectivity of FRET substrate probes for matrix metallopro-
teinase (MMP-9), with a stabilizing contribution from the
I···OW-H bridge.[12] The interaction of iodine atoms in T4 with

water molecules at the active site of deiodinases may
modulate C¢I bond cleavage. Unfortunately, there is no
structural information available for the binding of T4 or its
metabolites at the active site of Dio1, Dio2, or Dio3, since
these enzymes are membrane-bound proteins and their
expression and purification are extremely difficult. However,
the crystal structure of the catalytic domain of Dio3 has
recently been solved and the binding site of T4 was modelled
by superimposing the binding site of T3 in the T3 receptor on
Dio3.[13]

A comparison of the conformational parameters (y, c1, c2,
f, f’) between the two different forms leads to some
interesting observations (Figure 3C). While the f and f’
values are very similar in the two structures, there are
significant differences in the c1, c2 and y values, which is
probably responsible for the difference in the interaction
between the phenolic-ring iodine and the carboxylate moiety
(Figure 3A and B). To understand the effect of the con-
formation of T4 upon binding to proteins, we analyzed the
structure of T4 bound to the two major transport proteins
thyroxine binding globulin (TBG)[14] and transthyretin
(TTR;[15] Figure 3D and E). Structure analysis indicates that
T4 binds to TBG in a cisoid geometry and the conformations
of the two T4 molecules at the two different sites are identical
(Figure 3C and Figure S10 in the Supporting Information).
By contrast, T4 binds to TTR in a transoid geometry and the
conformation of the T4 bound at one site (A site; Figure 3E)
is different to that of T4 bound at the other site (B site;
Figure S11 in the Supporting Information). Furthermore, the
molecular conformations of T4 bound to these sites are
different to those of Form I, Form II, and TBG-bound T4
(T4.TBG), thus indicating that binding to amino acid residues
can alter the conformation. As a result, one of the phenolic-
ring iodine atoms of T4 at the A site forms two strong XB
contacts with backbone nitrogen of L110 and A109, with I···N
distances of 3.21 è and 3.06 è, respectively, whereas no such
XB interactions can be observed at the B site (Figure S11 in
the Supporting Information). These observations suggest that
conformation changes can alter the binding and release of
thyroid hormones at the binding sites of transport proteins
such as TBG and TTR.

High-resolution powder X-ray diffraction (PXRD),
Raman spectroscopy, solid-state nuclear magnetic resonance
(SS-NMR) spectroscopy, and differential scanning calorim-
etry (DSC) are generally used to characterize different
polymorphs of drugs and bioactive organic compounds.[16]

The PXRD peaks were sharp and highly intense for Form I
and bulk T4, whereas weak and broad peaks were observed
for Form II (Figure 4A). The peaks at 2q values of 31.8588,
32.5088 and 39.1088 observed for Form I were not detected for
Form II. The Raman spectra of Forms I and II showed
significant difference in the stretching frequencies (Fig-
ure 4B). In particular, the frequencies of C9=O, C8¢H and
N1¢H groups for Form I are shifted 48, 7 and 13 cm¢1,
respectively, with respect to the corresponding peaks for
Form II, thus indicating that the arrangements of the carbox-
ylate and amino groups are different in the two polymorphs.
The 13C SS-NMR spectra for Form I and Form II (Figure 4C)
show significant differences in the chemical shifts of the

Figure 2. A,B) Rhomboid-shaped crystals obtained for T4 from meth-
anol and acetonitrile, respectively. C ,D) Single-crystal X-ray structures
of two polymorphs (Forms I and II), indicating two different conforma-
tions in the asymmetric unit. Water molecules are omitted for clarity.
ORTEP diagrams with full atom labeling are given in the Supporting
Information (Figure S1).
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carbon atom of the acid group (157.8–159.5 ppm for Form I
and 173.4–176.2 ppm for For II), the chiral carbon center (C8)
(42.3–43.6 ppm for Form I and 56.7–57.9 ppm for Form II),
and C7 (22.5 ppm for Form I and 32.3–38.9 ppm for Form II).
Interestingly, the chemical shifts for the carbon atom of the
C¢I bonds in Form I (74.5–80.9 ppm) are remarkably differ-
ent to those of Form II (92.3–97.1 ppm), thus suggesting that
the reactivity of the C¢I bonds may be different for the two
polymorphs in the solid state. This leads to an assumption that
the reactivity of the C¢I bonds at various conformations of T4
should be different when these conformations are stabilized
in solution, for example, by protein binding. DSC analysis
indicated that T4 decomposes at temperatures above 200 88C
and the decomposition temperature for Form I is almost
identical to that for Form II, although the DSC profiles for
these two polymorphs were different to that of bulk T4
(Figure S8 in the Supporting Information).

To understand the solution behavior of the
two different forms of T4, we studied the
optical activity of these polymorphs and
compared them to that of the bulk T4.
Interestingly, the specific rotation of Form I
in methanol is remarkably different to that of
Form II in acetonitrile (Figure 5A), thus indi-
cating that these solvents stabilize different
conformations in solution. The identical spe-
cific rotations for Form I and bulk in meth-
anol indicate that the bulk T4 is converted
exclusively to Form I in methanol. By con-
trast, different specific rotations were
observed for Form II and bulk T4 in acetoni-
trile (Figure 5A), which indicates that one or
more other polymorphs with higher specific
rotations may be formed in addition to
Form II. Since only Form II could be obtained
from the crystallization of T4 in acetonitrile,
the other polymorphs may be metastable in
nature. The formation of such metastable
polymorphs has been reported.[17] Attempts
to isolate the third form of T4 were unsuc-
cessful. However, we were able to obtain the
unit cell parameters for Form III at low
temperatures (Table S1 in the Supporting
Information). Interestingly, at pH 4, the sol-
ubility of Form I (1.22� 0.02 mgmL¢1) was
found to be significantly higher than that of
Form II (0.86� 0.02 mgmL¢1) and bulk T4
(0.77� 0.01 mgmL¢1), thus indicating that the
solubility of Form I is about 42 % and 45%
greater than that of than Form II and bulk T4,
respectively. By contrast, at pH 9, the solubil-
ity of Form II (21.42� 0.78 mgmL¢1) was
found to be 38% and 42% higher than that
of Form I (16.23� 0.66 mgmL¢1) and bulk T4
(14.97� 0.23 mgmL¢1), respectively (Fig-
ure 5 B and Table S2 in the Supporting Infor-
mation). Since T4 has a narrow therapeutic
index, such changes in the pH-dependent
solubility could lead to significant changes in

properties such as oral bioavailability and absorption, which
could alter the therapeutic outcome of this clinically useful
drug.

Another remarkable and hitherto unexplored feature of
the T4 structure is the ability of this molecule to form
conformation-dependent XB with various donor atoms
(halogen-bond acceptors). It is known that the Dio1 enzyme
mediates the deiodination of both phenolic and tyrosyl rings,
whereas the other two isoforms are selective for either
phenolic rings (Dio2) or tyrosyl rings (Dio3; Figure S2 in the
Supporting Information). The origin of such selectivity is still
not known. When the XB energy was calculated for different
T4 conformers by density functional theory (DFT)[18] with
methylselenolate (MeSe¢) as the halogen-bond acceptor
(Figure S12 in the Supporting Information), different sets of
energy values were obtained for the phenolic- and tyrosyl-
ring iodine atoms (Figure 5C). While the tyrosyl-ring iodine

Figure 3. A,B) Packing in the crystal structures of Form I and Form II, respectively,
showing extensive halogen bonding (XB). The circles indicate the different orientations of
carboxyl and amine groups around the chiral center. Hydrogen atoms are omitted for
clarity. C) Conformational parameters of T4 in various forms. The two values for each
parameter for Form I and Form II correspond to two molecules in the asymmetric unit of
each polymorph, and for T4.TBG and T4.TTR, they correspond to two independent
protein-bound T4 molecules in each protein. D, E) Crystal structures of T4 in complex
with TBG (PDB: 2CEO) and TTR (PDB:1ICT), respectively, indicating the binding of T4 in
different conformations.
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atom forms stronger XB than that of phenolic-ring iodine
atom at several conformations,[19] the change in torsional
angles f and f’ (see Figure 3C), can alter the strength of I···Se
interactions such that the XB energy for the phenolic-ring

iodine becomes identical to that of the tyrosyl-ring iodine
atoms. When XB energy was plotted against these torsional
angles, the strength of I···Se interaction was found to be
almost identical for both phenolic- and tyrosyl-ring iodine
atoms at a conformation, with f, f’ values of 088 and 9488,
respectively (Figure 5 C). When the orientation of the amino
acid moiety (determined by c1 and y) was changed at the
above f value, that is, 088, the XB energy for the phenolic-ring
iodine was higher than that of the tyrosyl-ring iodine atoms
for several T4 conformations (Figure 5D). These results
suggest that the selenoenzymes Dio1, Dio2, and Dio3 may
control the regioselectivity for tyrosyl- vs phenolic-ring
deiodination by altering the T4 conformation at the active
sites.

In summary, we showed that T4 can exist in different
polymorphic forms, with different solubility, optical activity
and spectroscopic characteristics. In this study, we used two
polymorphs of T4 to understand how the relative orientation
of tyrosyl and phenolic rings alters the ability of the iodine
atoms to form halogen bonding (XB) with donor atoms. The
mechanism of dehalogenation by deiodinases remains elusive
despite a large number of enzyme mimetic, mutational, and
enzymatic studies. The results reported herein suggest that
not only the strength of XB, but also the reactivity of the C¢I
bonds in T4 can be altered by changing the molecular
conformation, which may provide valuable insight into the
role of amino acids residues at the active sites of iodothy-
ronine deiodinases in controlling the regioselectivity of
deiodination.
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