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1H and 13C NMR spin-lattice relaxation times and 13C{1H} nuclear Overhauser enhancement
factors have been measured for the thyroid hormones thyroxine, 3,5,3′-triiodothyronine, and
3,5-diiodothyronine, with the aim of determining the internal molecular dynamics in these
molecules. Spin-lattice relaxation times of protons on the two aromatic rings of these hormones
show remarkable differences, with values for the hydroxyl-bearing ring being a factor of 4-12
times larger than those for the alanyl-bearing ring. This difference is not mirrored in the 13C
relaxation times, which are identical within experimental error for the two rings. The 13C
data show that the mobility of the two rings is similar, and therefore the difference in proton
spin-lattice relaxation times arises because the protons of the alanyl-bearing ring are efficiently
relaxed by interactions with neighboring protons on the side chain. Quantitative analysis of
the 13C relaxation data shows that there must be a significant degree of internal flexibility in
the thyroid hormone molecules. The NMR data suggest that in methanol the molecules tumble
with an overall correlation time of approximately 0.35 ns, but that rapid internal motion (in
the form of jumps between two stable conformations) occurs on a 30-fold faster time scale.
When combined with previous variable temperature NMR studies that show interconversion
between proximal and distal forms of the outer ring on the microsecond time scale, the results
provide a complete description of the conformations and both fast and slow internal motions
in the thyroid hormones. The findings suggest that modeling studies of thyroid hormone
interactions with receptor proteins should take into account the possibility that these internal
motions are present. In effect, the thyroid hormones may likely populate a larger range of
conformations in the bound state than might be inferred from just the lowest energy forms
seen in the crystal and solution states.

Introduction

The thyroid hormones thyroxine (T4) and 3,5,3′-
triiodothyronine (T3) are important in the regulation
of a wide range of metabolic processes. They are
synthesized in the thyroid gland, circulate in the
bloodstream bound to various transport proteins, and
exert their action on target cells following binding to
nuclear receptor proteins.1-3 There have been many
studies on the relationship between structure and
activity of the hormones,4-6 but the precise molecular
interactions involved in their biological action remain
unknown. A full understanding of their interaction with
transport proteins and the nuclear receptor requires a
knowledge of their conformations. X-ray crystallo-
graphic studies have provided much information on the
solid state,1 and aspects of their solution conformations
have been determined by NMR spectroscopy.7-9 As the
hormones are potentially flexible molecules, it is also
important to have an understanding of their internal
molecular dynamics as well as their conformation. In
the current paper this is achieved by measurements of

NMR spin-lattice relaxation times (T1) and nuclear
Overhauser enhancement (NOE) factors.
The basic hormone structure consists of an iodinated

diphenyl ether moiety and an alanyl side chain. The
aromatic ring attached to the alanyl side chain is often
referred to as the “inner” ring and the second phenyl
group which contains a para hydroxyl group, as the
“outer” ring.1 The degree of iodination affects the
binding and activity of the hormone, with T3 being
approximately 10-fold more active than T4. A range of
other thyroid hormones, with reduced activity, are also
found in the body, for example, 3,3′,5′-triiodothyronine
(rT3) and 3,5-diiodothyronine (T2).
In solution, and in the solid state, the hormones

generally adopt a conformation in which the two aro-
matic rings are roughly perpendicular to one another,10-13

as illustrated in Figure 1. Knowledge of this three-
dimensional shape provides a starting point for model-
ing the interactions of the hormones with their target
proteins, but the representation shown in Figure 1a is
somewhat simplified, because it is known that there are
significant dynamic motions associated with the outer
ring. Studies on soluble analogues,8,14 and later on T4
and T3 themselves,9 have shown that rotation about the
diphenyl ether linkage with a barrier of approximately
36 kJmol-1 produces an interchange of the environment
of H2′ with that of H6′. For hormones which are
symmetrically iodinated in the outer ring, the inter-
change occurs between isoenergetic (and structurally
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equivalent) forms, but for monoiodinated derivatives
such as T3, the rotation about the diphenyl ether
linkage interconverts “proximal” and “distal” forms of
the hormone, as illustrated in Figure 1. Studies based
on sterically constrained analogues have suggested that
the distal form is more active,15 and indeed this appears
to be the conformation in which the hormone binds to
the receptor.16

In previous studies we have examined the conforma-
tional properties of the thyroid hormones using NMR
spectroscopy9,17 and have used theoretical calculations
to examine the potential mechanisms for interconver-
sion of outer ring environments.18 In the course of the
NMR studies it was noted that in the 300 MHz 1H NMR
spectrum of T4, the signal intensity of the H2′,6′ protons
is generally lower than that of the H2,6 protons. As
the line widths of the peaks are similar (see Figure 2),
this suggests a difference in the spin-lattice relaxation
times of the two pairs of protons. NMR relaxation times
depend on both molecular mobility and dipolar interac-
tions of a given nucleus with neighboring protons, and
so the observed difference could arise from either a
difference in the relative mobility of the inner and outer
rings or from differential interactions of the inner ring
protons with other protons in the alanyl side chain. To
discriminate between these possibilities, and to examine
in detail the molecular mobility of the thyroid hormones,
a series of 1H and 13C NMR relaxation time measure-
ments has been made for T4, T3, T2, and T4 sodium
salt in methanol and for T4 in DMSO. These solvents
were chosen so as to provide a range of solution
viscosities and because the hormones are sparingly
soluble in aqueous solution. Given that previous vari-
able temperature NMR studies have shown that the
outer ring undergoes dynamic motion on the microsec-
ond time scale, it was of interest to see whether this
ring undergoes additional motion that could be detected
by relaxation time measurements.

The study of internal molecular motion in bioactive
species is of significant interest because a knowledge
of the rate and amplitude of motions in solution places
limits on conformations which may be expected in the
bound state. In some cases conformational changes may
occur in the bound state. For example studies of the
dihydrofolate reductase-methotrexate complex have
found that the ligand exhibits dynamic flexibility when
bound.19-21 While a relationship between dynamics and
flexibility has yet to be established in the general case
of drug-receptor interactions, it is reasonable to propose
that, at least in some cases, ligand flexibility at the
bound site may contribute to receptor activation. In
addition, ligands which display a significant degree of
internal flexibility in solution might be expected to
exhibit an unfavorable entropic contribution to binding
relative to more rigid ligands, and therefore methods
for examining internal flexibility in solution have
potential application in drug design.
Molecular dynamics of the thyroid hormones are of

particular interest following the recent publication of
several crystal structures of nuclear receptor ligand-
binding domains. Crystal structures of the thyroid
receptor,16 retinoic acid receptor,22 and retinoid-X recep-
tor23 ligand binding domains show that the long identi-
fied sequence similarity24 leads to highly homologous
folds of the proteins. The bound and free forms of the
nuclear receptor ligand binding domains demonstrate
that ligand binding induces a significant conformational
change in the protein, trapping the ligand at its center.

Results
Figure 2 shows the 300 MHz 1H NMR spectrum of

T4 recorded with a 1 s relaxation delay between radio-
frequency pulses in a Fourier transform NMR experi-
ment. The difference in intensity of the signals from
the inner and outer rings is readily apparent. The inset
on Figure 2 shows an expansion of the aromatic region

Figure 1. Conformations of thyroid hormones. (a) A repre-
sentation of the conformation of T3 found in the crystal
structure.11 This is the distal form in which the outer ring
iodine points away from the inner ring. (b) The proximal form
showing the torsion angles φ and φ′ that define the diphenyl
ether conformation. The conformation in solution is similar
to these in that the two rings are mutually perpendicular. In
principle, each conformation leads to a considerable difference
in the 1H NMR chemical shifts of the outer ring protons H2′
and H6′ due to ring current effects from the inner ring. In
practice, at room temperature rapid rotation about the diphen-
yl ether bonds results in averaging of the two chemical shifts,
i.e. proximal and distal forms are readily interconverted in
solution. Below 185 K the separate conformers can be detected
in solution at 300 MHz.

Figure 2. 300 MHz 1H NMR spectrum of T4 in methanol-d4
at 306.5 K showing the difference in intensity of the two
aromatic resonances that suggests different relaxation rates
for the two resonances. The relaxation delay between scans
was 1 s. The inset shows expanded sections of the aromatic
region: (a) relaxation delay ) 1 s, (b) relaxation delay ) 5 s.
The expansion shows that the line widths of the two aromatic
signals are similar. The intensities are similar in part b, but
at shorter relaxation delays, the inner ring signal is reduced
in intensity due to relaxation effects.
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of the T4 spectra recorded with relaxation delays of 1.0
and 5.0 s. The relative saturation of the inner ring
protons at the shorter relaxation delay is readily ap-
parent. This suggests that the intensity difference
arises from effects of the spin-lattice relaxation time
(T1), rather than the spin-spin relaxation time (T2), an
observation confirmed by the similarity in line widths
of the two signals. Similar observations were also made
for two other thyroid hormones, 3,5,3′-triiodothyronine
(T3) and 3,5-diiodothyronine (T2).
To quantitate the magnitude of the T1 difference, a

series of inversion recovery 1H T1 experiments was
recorded, and the results are summarized in Table 1.
Also shown in the table are 1H chemical shifts in
methanol which are in close agreement with values
previously reported in DMSO.25 In general, T1s for the
side chain protons are smallest, followed by those for
the inner ring, with the outer ring T1s being signifi-
cantly larger. The difference between T1s of the inner
and outer rings is quite marked, with the outer ring T1s
being greater by a factor of between 4 and 12 for the
three hormones. For T4, for example, the outer ring
T1 is 8.4 s and the inner ring T1 is 1.6 s.
To determine if this difference in the 1H T1s is related

to differing relative motion of the two rings, or due to
contributions to relaxation of the inner ring protons by
the side chain protons, 13C relaxation time measure-
ments were made. Such measurements are less sus-
ceptible to external influences, including dissolved
oxygen, than proton T1s and are normally dominated
by dipole-dipole relaxation with the attached proton.
One difficulty with these measurements is the ex-
tremely low solubility of the thyroid hormones in
aqueous media, resulting in low signal-to-noise for
natural abundance 13C spectra. Measurements were

therefore not possible in aqueous solution and were
instead recorded in methanol. The derived T1s for T4,
T3, and T2 are given in Table 2, along with correspond-
ing 13C{1H} NOEs and chemical shifts. The 13C chemi-
cal shifts of T3 are in good agreement with values
reported for the hormone in DMSO.26
In sharp contrast with the 1H relaxation times, the

13C T1s for the two rings of all three of the thyroid
hormones are identical within experimental error. For
T4, for example, the values for the inner and outer rings
are both 0.63 s. This strongly suggests that the motion
of the two rings is similar. This is confirmed by the 13C-
{1H} NOE data in Table 2. For the hydrogen-bearing
carbons, NOE values are similar for the two rings. The
observed difference in 1H T1 values for the two rings
therefore reflects the additional intramolecular contri-
bution to relaxation of the inner ring protons from the
side chain.
The above qualitative analysis of relaxation data

shows that the two aromatic rings have similar mobili-
ties. It is now of interest to quantitatively determine
the parameters describing motion in the hormones and
to determine the nature of any internal motions. Equa-
tions 1 and 227 show the relationship between the
relaxation parameters (T1 and NOE) and motional
parameters, which are incorporated into the spectral
density function J(ω). These equations assume exclu-
sively dipolar relaxation, where N is the number of
protons attached to the observed 13C nucleus, the γ- and
ω-terms represent the gyromagnetic ratios and Larmor
frequencies of the 13C and 1H nuclei involved in the
dipole-dipole interaction, rCH is their internuclear
separation, and p is Planck’s constant divided by 2π.

The spectral density term J(ω) conveniently describes
the frequency and orientational components of motion
(more formally defined as the Fourier transform of the
orientational and autocorrelation function). For the
practical use of eqs 1 and 2, it is necessary to have an
explicit mathematical formulation of spectral density
which is in turn dependent on the model chosen to
represent motion present in the molecule. The simplest
model for molecular motion is that of a rigid C-H vector

Table 1. 1H Relaxation Times and Chemical Shifts of the
Protons of T4, T3, and T2 in Methanola

1H T1
b (s)

chemical shift
(ppm)

T4 T3 T2 T4 T3 T2

H2′ 8.36 ( 0.39 1.64 ( 0.16 1.38 ( 0.10 7.13 7.05 6.58
H3′ c c 1.99 ( 0.13 c c 6.69
H5′ c 1.69 ( 0.12 1.99 ( 0.13 c 6.74 6.69
H6′ 8.36 ( 0.39 0.96 ( 0.11 1.38 ( 0.10 7.13 6.63 6.58
H2,6 1.60 ( 0.08 0.15 ( 0.01 0.28 ( 0.08 7.90 7.88 7.86
HR 0.91 ( 0.09 0.04 ( 0.00 0.10 ( 0.04 3.79 3.77 3.74
Hâ 0.34 ( 0.06 0.09 ( 0.07 0.16 ( 0.06 3.25 3.23 3.21
Hâ′ 0.31 ( 0.04 0.06 ( 0.01 0.13 ( 0.04 3.00 2.99 2.97

a Data were obtained at 306.5 K and 300 MHz using saturated
solutions (∼1 mM) of the free acid in methanol-d4. b Values are
the average ( standard deviation of eight (T4), four (T3), or six
(T2) T1 experiments. c This position carries an iodine atom rather
than a proton signal.

Table 2. 13C T1s, 13C{1H} NOEs, and Chemical Shifts of the Hydrogen-Bearing Carbons of T4, T3, and T2 in Methanola

13C T1
b (s) 13C{1H} NOEc chemical shift (ppm)

T4 T3 T2 T4 T3 T2 T4 T3 T2

C2′ 0.63 ( 0.10 0.64 ( 0.17 0.65 ( 0.11 2.53 ( 0.38 2.58 ( 0.55 2.41 ( 0.22 127.3 126.8 117.4
C3′ d d 0.88 ( 0.11 1.28 ( 0.20 1.48 ( 0.25 2.50 ( 0.27 85.5 84.4 116.9
C5′ d 0.79 ( 0.19 0.88 ( 0.11 1.28 ( 0.20 2.67 ( 0.50 2.50 ( 0.27 85.5 115.9 116.9
C6′ 0.63 ( 0.10 0.63 ( 0.22 0.65 ( 0.11 2.53 ( 0.38 2.91 ( 0.44 2.41 ( 0.22 127.3 117.7 117.4
C2,6 0.63 ( 0.09 0.80 ( 0.11 0.70 ( 0.18 2.63 ( 0.37 2.35 ( 0.42 2.55 ( 0.27 142.6 142.5 142.4
CR 0.51 ( 0.14 0.56 ( 0.10 0.65 ( 0.15 2.37 ( 0.64 2.28 ( 0.55 2.24 ( 0.42 57.1 57.2 57.2
Câ 0.64 ( 0.18 0.86 ( 0.14 0.88 ( 0.06 2.29 ( 0.68 2.38 ( 0.56 2.10 ( 0.22 36.4 36.6 36.5
a Data were obtained at 306.5 K and 75 MHz using saturated solutions (∼1 mM) of the free acid in methanol-d4. b Values are the

average ( standard deviation of four T1 experiments. c Values are the average ( standard deviation of five (T4), four (T3), and four (T2)
NOE experiments. d Atom is iodinated rather than protonated.

1
NT1

) 1
10(γC

2γH
2p2

rCH
6 )[J(ωH - ωc) +

3J(ωc) + 6J(ωH + ωc)] (1)

NOE ) 1 +
γH
γX( 6J(ωH + ωX) - J(ωH - ωX)

J(ωH - ωX) + 3J(ωH) + 6J(ωH + ωX))
(2)
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attached to a molecule tumbling isotropically in solution.
In this case, the only motional term is τ, the correlation
time for molecular tumbling, and the spectral density
function takes the form

For more complicated motions, additional correlation
times and geometric factors need to be included in the
spectral density function. Many of the spectral density
functions for various motional models are conveniently
incorporated into the program MOLDYN,28 which was
used for analysis of the NMR data in this study. The
program includes an iterative fitting routine to deter-
mine the set of motional parameters which leads to the
best match of theoretical and experimental relaxation
parameters for a user-chosen model of molecular motion.
Figure 3 shows an attempt to fit the 13C NMR

relaxation data for T4 to the motional model of a rigid
molecule tumbling isotropically in solution. The figure
shows that it is not possible to simultaneously fit the
T1 and NOE data; i.e., there is no single correlation time
which satisfactorily accounts for the relaxation data in
this molecule. This shows that motion is more compli-
cated than simple isotropic tumbling. Attempts to fit
the data to a model involving overall anisotropic motion
of a rigid molecule were similarly unsuccessful. In this
case iterative fits which allowed up to a 100-fold degree
of anisotropy of principle diffusion coefficients (the
largest anisotropy that could reasonably be expected for
an organic molecule of this size) did not provide a good
fit to the data. Thus, the experimental data clearly
show that some degree of internal mobility must be
present in the thyroid hormones.
A number of spectral density functions incorporating

internal motion have previously been formulated, rang-
ing from those incorporating internal diffusion of rotat-
able groups to jump models in which rapid flips occur
between defined conformations.29-36 For any of these
models, an examination of the appropriate spectral

density functions makes it clear that slow internal
motions, i.e., those on the millisecond time scale, do not
contribute significantly to T1 and NOE values. Our
previous studies of NMR line shape as a function of
temperature9 have shown that large scale rotations of
the outer ring of T4 and T3, which result in intercon-
version of H2′ and H6′, occur on a millisecond to
microsecond time scale. Relative to the motions de-
tected by NMR relaxation measurements, however, this
is still slow and will have very little influence on the
experimentally determined relaxation parameters. To
account for the experimental results, faster internal
motion must also be present.
Considering the structure of the thyroid hormones,

it seems most likely that any rapid internal motions
which contribute to the observed relaxation data will
occur as small amplitude jumps between discrete states,
rather than continuous internal diffusion. The experi-
mental data were therefore fitted to the model described
by London32 for a two-state jump superimposed on
overall isotropic motion. This model has successfully
been applied to account for differences in relaxation
times due to conformational jumps, both in proteins32
and in organic molecules.33 The angles used in this
model are shown in Figure 4 superimposed on one of
the rings of thyroxine, but both rings potentially un-
dergo similar motions, and the angles are defined in the
same way. In this model, τo is the overall correlation
time, θ is the angle between individual CH vectors and
the jump axis, â is the half-angle of the jump, and τi is
the lifetime of individual conformers (hereafter referred
to as the internal correlation time to facilitate compari-
son with other models). For the ring atoms of all the
thyroid hormones, â is defined by the geometry of the
molecule and is fixed at 60° while, in principle, the other
parameters are variable. There is no reason to favor
one jump conformer over the other; therefore, the
lifetimes of the two states were assumed to be equal.
Fits to the two state jump model were compared with

those of the simple isotropic model and with those of
the so-called “model-free approach”.37,38 In the latter
approach motion is described by an overall correlation
time, τc, an internal correlation time, τi, and an order

Figure 3. Experimental 13C T1 and 13C{1H} NOE values for
T4 are shown superimposed onto theoretical plots for the
isotropic diffusion model. The solid lines represent the T1 and
NOE values predicted by the isotropic diffusion model (eqs
1-3). The dotted lines represent the experimental values
obtained for the outer ring protons of T4 (T1 ) 0.63 and NOE
) 2.53) and the correlation times they correspond to. For the
model to satisfy the data, the experimental T1 and NOE should
give the same correlation time. Clearly, the isotropic diffusion
model does not do this.

J(ω) ) τ
1 + ω2τ2

(3)

Figure 4. Definition of the angles and states of the two state
jump model as applied to thyroxine. For clarity the angles are
shown only for the outer ring, but the inner ring also undergoes
the jumping motion. The two state jump model describes the
motion of a CH vector attached to a molecule tumbling with
overall correlation time, τo and undergoing an internal con-
formational jump between two discrete states. The two dif-
ferent conformations are separated by a half jump angle, â.
The rate of jumping between the two states is defined by τi,
the lifetime of each state (assumed to be equal for the two
conformers). The CH vector makes an angle, θ, with the jump
axis. The alternate conformations of the aromatic rings are
shown as dashed lines.
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parameter, S. This approach does not presuppose a
specific geometric model for the internal motion but
makes the assumption that it is restricted in amplitude
(as measured by the order parameter). It was examined
here because it has been widely applied to the study of
internal motions in cases where it is not necessarily
clear what the nature of the internal motion might be,
e.g. in proteins where multiple internal motions of
differing amplitudes and rates are present. One poten-
tial difficulty in the application of a highly specific model
to thyroxine (e.g. the two state jump model described
above), is that the nature of the internal motion is
unknown. Is it reasonable to model the central ether
oxygen as the “core” of the molecule upon which is
superimposed jumps for each of the two rings and
additional motions for the side chain? Because of this
uncertainty, it was felt reasonable to compare the simple
isotropic model (no internal motion) with a highly
specific model (the two state jump model) and with the
model-free approach.
Tables 3, 4, and 5 summarize the fits to the various

models for T4, T3, and T2, respectively. For each of the
hydrogen-bearing carbon sites they show the motional
parameters derived from each of the three models by
iteratively fitting the theoretically predicted relaxation
parameters to the experimental values in Table 2. It
is convenient to compare the quality of the fit by
calculating a parameter, R, which is a measure of the
average deviation of experimental versus fitted param-
eters, where n is the number of parameters, expressed
as a percentage.

An R value of 0% represents exact agreement of the
experimental and theoretical values.
An R factor of 10% or more is obtained for most of

the fits of the isotropic motion model to the T4, T3, and
T2 data. The fit is improved significantly by the

introduction of internal motion. Both the two state
jump model and the model-free approach improve the
fit for all the ring atoms. Of the fits to the two state
jump model, only C6′ and C2,6 of T3 and C3′,5′ of T2
yield R factors greater than 2.5%. This is a significant
improvement and shows that models which incorporate
internal motion are more appropriate than those which
lack such motion.
It is important to establish that any improvement to

the fit is not simply due to an increase in the number

Table 3. Theoretical 13C T1s and 13C{1H} NOEs Fitted to T4
in Methanol Data

Isotropic Motion
13C T1 (s) 13C{1H} NOE R (%) τo (ns)

C2′,6′ 0.63 2.96 8.7 0.08
C2,6 0.63 2.96 6.4 0.08
CR 0.51 2.94 12.5 0.10
Câ 0.64 2.96 15.0 0.07

Two-State Jump
13C T1
(s)

13C{1H}
NOE R (%) τo (ns) τi (ns) â θ

C2′,6′ 0.63 2.53 0.0 0.35a 0.01 47 60a
C2,6 0.63 2.58 1.1 0.35a 0.03 55 60a
CR 0.51 2.51 3.0 0.35a < 0.01 40 60a
Câ 0.64 2.51 4.8 0.35a < 0.01 42 109.5a

Model-Free Approach
13C T1
(s)

13C{1H}
NOE R (%) τo (ns) τi (ns) S

C2′,6′ 0.63 2.53 0.0 0.50a 0.04 0.38
C2,6 0.63 2.63 0.0 0.50a 0.05 0.34
CR 0.51 2.37 0.0 0.50a 0.03 0.49
Câ 0.64 2.29 0.0 0.50a 0.01 0.47
a This parameter was fixed during iterative fitting.

R )
1

n
∑x(expt - theory

expt )2 (4)

Table 4. Theoretical 13C T1s and 13C{1H} NOEs Fitted to T3
in Methanol Data

Isotropic Motion
13C T1 (s) 13C{1H} NOE R (%) τo (ns)

C2′ 0.65 2.96 7.5 0.07
C5′ 0.79 2.97 5.7 0.06
C6′ 0.63 2.96 0.9 0.08
C2,6 0.80 2.97 13.4 0.06
CR 0.55 2.95 15.2 0.09
Câ 0.86 2.97 12.6 0.05

Two-State Jump
13C T1
(s)

13C{1H}
NOE R (%) τo (ns) τi (ns) â θ

C2′ 0.64 2.61 0.6 0.30a < 0.01 41 60a
C5′ 0.80 2.61 1.6 0.30a < 0.01 53 60a
C6′ 0.63 2.69 4.2 0.30a 0.05 55 60a
C2,6 0.80 2.61 5.7 0.30a < 0.01 55 60a
CR 0.44 2.62 17.8 0.30a 0.02 78 60a
Câ 0.80 2.61 8.5 0.30a < 0.01 49 109.5a

Mode-Free Approach
13C T1
(s)

13C{1H}
NOE R (%) τo (ns) τi (ns) S

C2′ 0.64 2.58 0.0 0.50a 0.04 0.36
C5′ 0.79 2.67 0.0 0.50a 0.04 0.28
C6′ 0.63 2.91 0.0 0.50a 0.08 0.13
C2,6 0.80 2.35 0.0 0.50a 0.01 0.40
CR 0.56 2.28 0.0 0.50a 0.02 0.50
Câ 0.86 2.38 0.0 0.50a 0.01 0.37
a This parameter was fixed during iterative fitting.

Table 5. Theoretical 13C T1s and 13C{1H} NOEs Fitted to T2
in Methanol Data

Isotropic Motion
13C T1 (s) 13C{1H} NOE R (%) τo (ns)

C2′,6′ 0.65 2.96 11.7 0.07
C3′,5′ 0.88 2.97 9.5 0.05
C2,6 0.70 2.96 8.2 0.07
CR 0.65 2.96 16.5 0.07
Câ 0.88 2.97 21.0 0.05

Two-State Jump
13C T1
(s)

13C{1H}
NOE R (%) τo (ns) τi (ns) â θ

C2′,6′ 0.65 2.51 2.1 0.35a < 0.01 47 60a
C3′,5′ 0.73 2.51 8.7 0.35a < 0.01 55 60a
C2,6 0.70 2.53 0.5 0.35a 0.01 55 60a
CR 0.65 2.51 6.0 0.35a < 0.01 64 60a
Câ 0.73 2.51 18.3 0.35a < 0.01 49 109.5a

Mode-Free Approach
13C T1
(s)

13C{1H}
NOE R (%) τo (ns) τi (ns) S

C2′,6′ 0.65 2.41 0.0 0.50a 0.02 0.42
C3′,5′ 0.88 2.50 0.0 0.50a 0.02 0.33
C2,6 0.70 2.55 0.0 0.50a 0.04 0.35
CR 0.65 2.41 3.8 0.50a < 0.01 0.48
Câ 0.88 2.41 7.4 0.50a < 0.01 0.42
a This parameter was fitted during iterative fitting.
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of variable parameters. While there are three variables
per carbon site for both the two state jump and the
model-free approaches (θ is effectively a fixed variable
in the former model), the fact that four sites were
sampled, and that each must have the same value for
τo, reduces the number of variable parameters per site
to two (i.e. τi and â for the two state jump model and τi
and S for the model-free approach), compatible with the
experimental points per carbon atom. The fits in Tables
3-5 to the models incorporating internal motion were
achieved by initially allowing all the parameters to vary
and then fixing τo at the average value obtained in the
initial fit and iteratively fitting the remaining variable
parameters.
To further verify that incorporation of internal motion

was necessary to improve the fits, the field dependence
of the relaxation parameters was investigated. Con-
sideration of eqs 1 and 2 shows that NMR relaxation
parameters may be field dependent, depending on the
motional regime present. Therefore, a useful means of
testing the applicability of a model of motion is mea-
surement of relaxation parameters at two different field
strengths. This in effect doubles the number of experi-
mental data points per carbon site (i.e. two NOE and
two T1 measurements yields four data points per site,
with only two or three fitted variables in each model),
but more importantly, provides a stringent test of the
validity of a particular motional model.
The sodium salt of T4 was used to obtain relaxation

data at two different fields (75 and 125 MHz) as it is
more soluble than the free acid, therefore improving the
signal to noise. It was also of interest to determine the
effect of charge state on mobility by comparing the data
for the salt with that of the free acid. Table 6 shows
the 13C T1, NOE, and chemical shift data for the sodium
salt of thyroxine. Interestingly, under the conditions

studied there is not a significant field dependence of
either T1 or NOE values.
The three models used previously, isotropic motion,

the two state jump model, and the model-free approach
were all fitted to the experimental data obtained for the
sodium salt. The results are shown in Table 7. It is
clear that, as seen in the previous analysis, a rigid
isotropic model is inappropriate. The fits to the isotropic
model have R values of more than 40% and predict a
substantial field dependence for T1 which is not ob-
served experimentally. For the two state jump model,
much better fits to the experimental data are observed,
as seen by a 4-fold reduction in the R factor. The
derived values of the motional parameters indicate that
in methanol thyroxine sodium salt tumbles with an
overall correlation time of 0.7 ns, but that superimposed
on this motion is a faster internal motion (τi ) 0.10 ns)
that can be represented by the aromatic rings jumping
(55° between the two conformers. While the NMR data
fit this model to an accuracy approaching experimental
error, (the R values are 4-11%), there may well be other
models for the internal motion which would also provide
an acceptable solution, i.e. the fit to this model does not
guarantee that it is the only possible interpretation. It
is clear from the NMR data, however, that models which
do not incorporate internal motion are inappropriate.
The results show unequivocally that there is a substan-
tial degree of restricted amplitude internal motion in
both rings of the thyroid hormones. This is confirmed
by the model-free approach, which predicts overall and
internal correlation times similar to those predicted by
the two state jump model (Table 7).
Altering solution viscosity has the potential to modu-

late the relative rates of overall and internal motions;
therefore, additional measurements were made in DMSO.
Increasing the solution viscosity was expected to slow

Table 6. 13C T1s and 13C{1H} NOEs of the Hydrogen-Bearing Aromatic Carbons of T4, Sodium Salt, in Methanola

13C T1 (s)b 13C{1H} NOEc

75 MHz 125 MHz 75 MHz 125 MHz
chemical shifts

(ppm)

C2′,6′ 0.477 ( 0.010 0.459 ( 0.012 2.15 ( 0.05 2.10 ( 0.06 126.9
C2,6 0.415 ( 0.039 0.462 ( 0.004 2.27 ( 0.10 2.27 ( 0.09 142.3

a Data were obtained at 306.5 K using a saturated solution (∼10 mM) of the salt in methanol-d4. b Values are the average ( standard
deviation of six (75 MHz) and two (125 MHz) T1 experiments. c Values are the average ( standard deviation of three NOE experiments.

Table 7. Theoretical 13C T1s and 13C{1H} NOEs Fitted to T4, Sodium Salt, in Methanol Data

Isotropic Motion
13C T1 (s) 13C{1H} NOE

75 MHz 125 MHz 75 MHz 125 MHz R (%) τo (ns)

C2′,6′ 0.21 0.54 1.17 1.16 41.1 5.99
C2,6 0.21 0.54 1.17 1.16 41.2 6.05

Two-State Jump
13C T1 (s) 13C{1H} NOE

75 MHz 125 MHz 75 MHz 125 MHz R (%) τo (ns) τi (ns) â θ

C2′,6′ 0.39 0.51 2.22 2.06 8.6 0.70a 0.10 55 60a
C2,6 0.38 0.49 2.25 2.09 5.8 0.70a 0.11 55 60a

Model-Free Approach
13C T1 (s) 13C{1H} NOE

75 MHz 125 MHz 75 MHz 125 MHz R (%) τo (ns) τi (ns) S

C2′,6′ 0.41 0.51 2.34 2.22 10.1 0.70a 0.06 0.45
C2,6 0.39 0.49 2.36 2.25 4.0 0.70a 0.07 0.45
a This parameter was fixed during iterative fitting.
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the motions. Changing the solvent also gave the added
benefit of increased solubility, allowing the measure-
ments to be done at a higher concentration, significantly
improving the signal-to-noise ratio and the quality of
the data. T1 and NOE data at 75 and 125 MHz for T4
in DMSO are given in Table 8. In contrast to the
experimental data in methanol, there is now a signifi-
cant dependence of the relaxation parameters on mag-
netic field strength, with T1s increasing and NOEs
decreasing with an increase in field strength. The
theoretical parameters derived from fitting the three
models to the experimental data in Table 8 are shown
in Table 9. Once again, the models incorporating
internal motion provide a much better fit to the experi-
mentally observed results than the simple isotropic
model, confirming that the thyroid hormones exhibit
internal motion in DMSO. Both the two state jump
model and the model-free approach predict the same
overall correlation time and a similar internal rate of
motion. Both models suggest that the outer ring moves
more rapidly than the inner.
The side chain atoms CR and Câ also show some form

of internal motion, as demonstrated by the fact that the
isotropic model could not reproduce the experimental
results. The nature of the motion, however, is unclear.
It seems unlikely that the side chain would exhibit
motion that could be described by the two state jump
model, as there are too many combinations of rotations
possible, and this is borne out by the results of the fits.
The model-free approach fails to reproduce the experi-

mental results also. For the data acquired at two
different fields, the fits to the model-free approach are
similar to those of the two state jump model (Table 9).
The side chain clearly exhibits internal motion, but its
exact nature is too complex to be identified.

Discussion
The motional parameters derived from the NMR

relaxation data measured in this study clearly show that
the thyroid hormones exhibit internal motion. The
internal motion was modeled as rapid jumps of both
aromatic rings between two equally favorable conform-
ers superimposed on overall isotropic tumbling of the
hormone. The derived value for the overall correlation
time of T4 in methanol was 0.35 ns, a value consistent
with that derived from the Stokes-Einstein equation27
(using values of 0.51 cP for the solution viscosity at 30
°C, and an average molecular radius of 5 Å, an overall
correlation time of 0.19 ns was obtained from this
equation). The fact that the overall correlation time
derived from the two state jump model is close to that
based on the hydrodynamic properties of the hormones
suggests that the model is reasonable and hence also
likely to provide a good estimate of the internal motion.
For T4 the internal motion was an order of magnitude
faster than the overall correlation time, and the jump
amplitude of the rings was approximately (55°. T3 and
T2 showed similar jump amplitudes but with slightly
faster jump rates, likely due to these molecules having
fewer iodines.

Table 8. 13C T1s, 13C{1H} NOEs, and Chemical Shifts of the Hydrogen-Bearing Carbons of T4 in DMSOa

13C T1 (s)b 13C{1H} NOEc

75 MHz 125 MHz 75 MHz 125 MHz
chemical shifts

(ppm)

C2′,6′ 0.219 ( 0.003 0.273 ( 0.012 1.94 ( 0.02 1.60 ( 0.03 125.0
C2,6 0.214 ( 0.004 0.253 ( 0.011 2.01 ( 0.05 1.70 ( 0.10 140.8
CR 0.249 ( 0.005 0.337 ( 0.005 2.10 ( 0.08 1.96 ( 0.12 54.9
Câ 0.290 ( 0.026 0.330 ( 0.036 1.92 ( 0.16 1.74 ( 0.05 35.1

a Data were obtained at 306.5 K using a 26 mM solution. b Values are the average ( standard deviation of four (75 MHz) and five (125
MHz) T1 experiments. c Values are the average ( standard deviation of four NOE experiments.

Table 9. Theoretical 13C T1s and 13C{1H} NOEs Fitted to T4 in DMSO Data

Isotropic Motion
13C T1 (s) 13C{1H} NOE

75 MHz 125 MHz 75 MHz 125 MHz R (%) τo (ns)

C2′,6′ 0.16 0.22 2.23 1.77 18.6 0.50
C2,6 0.16 0.23 2.31 1.85 14.9 0.45
CR 0.22 0.27 2.67 2.32 19.7 0.27
Câ 0.17 0.24 2.44 1.99 27.5 0.39

Two-State Jump
13C T1 (s) 13C{1H} NOE

75 MHz 125 MHz 75 MHz 125 MHz R (%) τo (ns) τi (ns) â θ

C2′,6′ 0.20 0.29 1.94 1.64 4.2 0.75a 0.10 27 60a
C2,6 0.19 0.27 2.01 1.75 5.1 0.75a 0.20 28 60a
CR 0.25 0.34 2.13 1.94 0.8 0.75a 0.18 37 60a
Câ 0.39 0.51 2.18 2.03 29.0 0.75a 0.10 66 109.5a

Model-Free Approach
13C T1 (s) 13C{1H} NOE

75 MHz 125 MHz 75 MHz 125 MHz R (%) τo (ns) τi (ns) S

C2′,6′ 0.20 0.29 1.94 1.64 4.2 0.75a 0.05 0.79
C2,6 0.19 0.27 2.01 1.75 5.1 0.75a 0.10 0.77
CR 0.25 0.34 2.13 1.94 0.8 0.75a 0.09 0.64
Câ 0.26 0.36 2.01 1.77 6.6 0.75a 0.05 0.67
a This parameter was fixed during iterative fitting.
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Examination of the internal motional parameters τi
and â shows that in general the amplitude of the
jumping motions is similar for the two rings, but the
rates differ, with the outer ring showing the higher jump
frequency. The faster motion of the outer ring appears
to be due to the fact that the inner ring is substituted
with an alanyl side chain, while the outer ring carries
a much smaller hydroxyl group.
The rates of the overall and internal motion are

affected by both the charge state of the molecule and
the viscosity of the solvent. The salt of T4 in methanol
and the free acid in DMSO showed increased overall
and internal correlation times relative to the free acid
in methanol. The ratio of the two correlation times was
also reduced, indicating that for each reorientation of
the molecule the rings jump between conformers less
often compared to those of the free acid in methanol.
The reduced mobility in DMSO is easily explained by
the greater viscosity of the solvent, while the introduc-
tion of charge to the side chain would make motion less
favorable energetically. Interestingly, the jump ampli-
tude in DMSO was half that in methanol, perhaps too
as a result of the increased solvent viscosity.
The 13C T1s of T3 sodium salt in DMSO have been

reported previously26 but at a lower magnetic field
strength than was used here. At 25 MHz the T1s of the
hydrogen-bearing ring carbons were 0.063-0.065 s for
the outer ring and 0.070 s for the inner. The concentra-
tion used was much higher than that of this work,
making direct comparison of the data difficult; however,
this low field data offers the potential of providing extra
verification of the motional model used. If the internal
motional parameters derived from the two state jump
model for T4 in DMSO (see Table 9) are fixed while τo
is allowed to vary, then the T1s of Mazzocchi et al.26 can
be reproduced by an overall correlation time of 2.5 ns.
Taking into account the fact that Mazzocchi et al. used
the sodium salt, which we found to double τo relative to
the free acid, and used a much more highly concentrated
solution, which would also increase the correlation time
(and potentially the internal correlation time also), this
value is consistent with our value for the overall
correlation time. The two state jump model predicts an
NOE of 1.80 at 25 MHz, but Mazzocchi et al. did not
report any NOEs which could be used to more strin-
gently test the model of motion. In general, though, the
previously reported T1s for T3 are consistent with the
motional model reported here.
The parameters derived from the two state jump

model in DMSO are in good agreement with the equi-
librium conformation found in crystal structures of a
range of hormone analogues.1 The crystal structures
show that φ and φ′ (defined in Figure 1) fall into two
classes, namely φ ) 108°, φ′ ) -28° and φ ) -108°, φ′
) 28°. As the jump axes are simply an extension of the
diphenyl ether linkage through each ring, the torsion
angles in the crystal structure can be related directly
to â. A value of (108° for φ corresponds to â ) 18° for
the inner ring, while φ′ ) (28° is equivalent to â ) 28°
for the outer ring. In DMSO the jump angle of the outer
ring is in excellent agreement with the angle observed
in the crystal structures, while the jump angle of the
inner ring is slightly larger.
The NMR relaxation data in this study have been

used to identify internal motion of the thyroid hormones

on the nanosecond time scale. Previous variable tem-
perature line shape measurements9 have characterized
internal motion on the microsecond time scale which
was subsequently modeled to identify the most likely
pathway for interconversion of the H2′ and H6′ pro-
tons.18 A unified model describing all of the internal
motions of the thyroid hormones can now be proposed
(Figure 5). In this model, both aromatic rings of the
thyroid hormones jump rapidly between two energeti-
cally equivalent conformations on a nanosecond time
scale (a T b and c T d in Figure 5). The half-angle of
the jump varies between 27° and 55°, depending on the
solvent, corresponding to an average displacement of
about 90° between the two extreme jump positions.
These separate states are not detectable on the chemical
shift time scale but lead to an average proximal envi-
ronment for Ha and an average distal environment for
Hb (due to rapid interchange between a and b in Figure
5), which are seen in the low temperature spectra.
However, these fast motions are detected by relaxation
studies. While the rate of this motion is rapid, its
amplitude is not sufficient to average the environment
of proximal and distal protons. Occasionally (about once
every 1000 jumps) the outer ring jumps further than
the nominal 90° range, exchanging the environments
of the proximal and distal protons (a T c and b T d in
Figure 5). While the actual rate of an individual ring
flip is rapid, the effective rate of the process is on the
microsecond time scale, because on average a large
number of small amplitude jumps occur for every large
amplitude ring flip. It is the exchanging of proximal
and distal protons on the microsecond time scale that
is detected by the variable temperature line shape
studies.

Figure 5. Schematic illustration of motions of the outer ring
of T4. The dotted line through the outer ring shows the jump
axis about which the ring rotates. (a) Ha is shown in the
proximal position and is closer to the viewer than Hb due to
the torsion angle φ′ being greater than 0°. This conformation
corresponds to one of the two states of the two state jump
model and agrees with the “twist” of the outer ring observed
in the crystal structure of T4. (b) Rotation about the dotted
line through the center of the outer ring has moved Ha away
from the viewer and brought Hb toward the viewer. This
corresponds to the second state of the outer ring in the two
state jump model. (c) Hb is now in the proximal position and
closer to the viewer than Ha. (d) Hb is in the proximal position
and is now further from the viewer than Ha. Transition from
a to b and from c to d involves small amplitude jumps on the
nanosecond time scale and is detected by NMR relaxation
measurements. Although not illustrated in this figure, the
inner ring also exhibits this type of motion. Transitions a to c
and b to d result in a 180° flip of the outer ring and exchange
of the environments of Ha and Hb. This ring flip occurs on a
microsecond time scale and is detected by variable temperature
studies.
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The fact that thyroxine and the other thyroid hor-
mones are able to so freely move over a moderately large
region of conformational space has implications for
receptor binding. The recent crystal structure of the
thyroid receptor ligand binding domain complexed with
the thyroid agonist 3,5-dimethyl-3′-isopropylthyronine16
shows that the thyroid hormones bind at the center of
the hydrophobic core of the ligand binding domain and
may play a structural role in the conformational changes
which activate the receptor. The structures of the
retinoid-X receptor ligand binding domain23 and the
retinoic acid-retinoic acid receptor ligand binding
domain complex22 indicate that significant conforma-
tional changes accompany ligand binding. The confor-
mational flexibility shown by the thyroid hormones may
be required for binding. The rapid “wiggling” of the
aromatic rings could enable the hormone to work its way
to the center of the ligand binding domain as the protein
reorders itself about the ligand and may in fact trigger
the conformational changes.

Experimental Section
Thyroxine, 3,5,3′-triiodothyronine, 3,5-diiodothyronine, and

thyroxine sodium salt were obtained from Sigma. Methanol-
d4 (99.8%) and DMSO-d6 (99.96%) were obtained from Cam-
bridge Isotope Laboratories. Methanol solutions were satu-
rated (∼1 mM for the free acids and ∼10 mM for the salt),
while the DMSO solution was 26 mM. All solutions were
degassed prior to recording proton data. Initially the solutions
were degassed when acquiring 13C data also, but it was found
not to affect the results, so further experiments were recorded
without degassing. Data were recorded on Bruker AMX-300
and 500 instruments at 306.5 K using 10 mm tubes for the
13C experiments and 5 mm for the proton. The fast inversion
recovery pulse sequence39 was used. Spectra were referenced
to solvent signals, either methanol (1H 3.30 ppm and 13C 49.0
ppm) or DMSO (13C 39.5 ppm). Relaxation rates were deter-
mined from a three parameter exponential fit to the data using
either the standard Bruker routine or Microsoft Excel. Ex-
perimental data were fitted to models of motion using the
program MOLDYN running on a VAX 3400. All fits were
performed with the bond length set to 1.09 Å. The best fits
were obtained when only two parameters at a time were
allowed to vary. Thus, an initial fit in which all parameters
were varied was used to determine an average value for τo. τo
was then stepped through a series of fixed values close to the
average while the other two variable parameters were itera-
tively fitted. Initial guesses for τi, â, and S were 0.1 ns, 30°,
and 1, respectively, and the ratio of the lifetimes of the two
states for the two state jump model was set to 1.
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