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Abstract Comparison of the Raman spectra of thyrox-
ine (1-3,3’,5,5 -tetraiodothyronine) in the pure state and
in a 1:5 mixture with phosphatidylcholine reveals spec-
tral differences that reflect structural changes of thy-
roxine induced by interactions with the phospholipid.
These structural changes could be localized in specific
parts of the thyroxine molecule on the basis of a vibra-
tional analysis that was carried out by density functional
calculations with the B3LYP hybrid functional applying
the SDD effective core potential basis set. The calculated
(and subsequently scaled) frequencies reveal a good
agreement with the experimental data, which together
with calculated IR and Raman intensities allow a plau-
sible assignment of most of the IR and Raman bands.
Thus, it is found that modes localized in the aromatic
p-ring and in the ether group as well as the C-I stretching
modes of ring o are affected upon lipid interactions,
indicating that thyroxine interacts with the phosphat-
idylcholine bilayer via penetration of the hydrophobic
part of the molecule.
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Introduction

Thyroxine (T4, L-3,3",5,5-tetraiodothyronine) is the
principal secretor product of the thyroid gland (Fig. 1).
T4 is considered as a prohormone that acquires bio-
logical activity only after the intracellular conversion
into 3,3’,5-triiodothyronine (T3). The intracellular T3
mainly originates from the cellular 5’-deiododination of
T4 and acts at the level of its specific nuclear receptor
(Oppenheimer 1991; Chin 1992; Tsai and O’Malley
1994). In order to reach the intracellular compartment,
T4 has to cross the cell membrane, presumably via a flip-
flop motion. However, details of the mechanisms by
which mammalian cells take up thyroid hormones re-
main poorly understood (Chehin et al. 1999).

There is evidence that the thyroid hormones (mainly
T4) are normal constituents of the biological membrane
in vertebrates, as was reviewed by Hulbert (2000). The
hormones are strongly associated with membranes in
tissues and normally rigidify these membranes, affecting
their lipid composition. It is suggested that both the
alterations of the physical state of the membrane and the
changes in membrane composition result in several other
thyroid hormone effects (Hulbert 2000). Previous re-
ports from our laboratory have shown that thyroid
hormones induce changes of the fluidity and perme-
ability of phospholipid bilayers, which in the gel state
incorporate thyroxine only to a low extent (Chehin et al.
1995, 1999; Farias et al. 1995). In order to analyse these
interactions on a molecular level, we have employed
Raman spectroscopy. This technique provides informa-
tion about the molecular structures of thyroid hormones
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Fig. 1. Structure of thyroxine (T4) optimized by density functional
calculations

and, hence, allows determination of their conforma-
tional changes induced upon binding to phospholipid.
However, extracting structural information from the
vibrational spectra requires a reliable assignment of the
vibrational bands, which is not yet available for iodo-
thyronine compounds. Thus, we have carried out nor-
mal mode analyses on the basis of density functional
theory (DFT) calculations. This approach allows a
plausible assignment for most of the observed IR and
Raman bands and, eventually, the identification of
spectral markers for localized structural perturbations of
iodothyronines that may provide insight into the modes
of interactions with phospholipid membranes. In the
first step, we have focused on thyroxine and its complex
formation with phosphatidylcholine (PC), which exists
in the fluid state at ambient temperature.

Materials and methods
Sample preparation

T4 and egg yolk phosphatidylcholine were purchased from Sigma
and used without further purification. Methanolic solutions of T4
(100 mg/mL) and PC (40 mg/mL) were prepared and the appro-
priate amounts of PC or of a mixture of T4 with PC (molar ratio of
1:5) were dried under a nitrogen stream and suspended by vortex in
50 mM citrate-phosphate buffer (pH 5.0) at ambient temperature
to give a final concentration of 1 mM PC. At pH 5.0, the ionization
degree of the phenolic hydroxyl substituent (pKa =6.73; Gemmill
1955) is less than 2%, corresponding to a maximum lipophilicity of
T4 and a particularly high partition coefficient between the lipid
and the aqueous phase. The suspensions were centrifuged at
6000 rpm for 15 min and the pellets were used for spectroscopic
measurements.

Infrared and Raman spectra

Infrared spectra of KBr pellets of T4 were measured with a FT-IR
spectrometer (Perkin Elmer 1600, 4-cm' resolution). Raman
spectra of T4, PC, and the T4/PC mixture were recorded with a
BioRad FT Raman spectrometer (4-cm ™' resolution, 1064-nm ex-
citation) using an 180° back-scattering geometry (Matysik et al.
1995). The spectra were obtained from the samples deposited in
quartz tubes of 0.25 cm inner diameter. In order to achieve a suf-
ficient signal-to-noise ratio, 8192, 42,584, and 69,188 scans were
accumulated in the case of T4, PC, and the T4/PC mixture, re-
spectively, corresponding to a total accumulation time between 5
and 48 h. All spectroscopic experiments were carried out at am-
bient temperature.

Quantum chemical calculations and normal mode analyses

Quantum chemical calculations were performed with the
GAUSSIAN 98 program package (Frisch et al. 1998) on a personal

449

computer. DFT calculations were carried out with the B3LYP
hybrid functional and the SDD effective core potential basis set
suitable for heavy elements. This basis set had to be chosen owing
to the presence of iodine atoms that could not be treated on the
level of the more commonly used 6-31G* basis set. However,
comparative calculations for small organic molecules demons-
trated that the SDD basis provides results of nearly the same
quality.

The X-ray structure of T4 (Camerman and Camerman 1974)
was taken as the starting point for the geometry optimization,
yielding a structure closely related to the experimental one: pre-
dicted bond lengths and angles agree with the experiment within
0.017 A and 1.8°, respectively. The most significant deviation is
related to the orientation of the phenyl rings with respect to each
other. Whereas the calculations predict a nearly perpendicular
orientation (R.M.S. Alvarez et al., unpublished results), in the
crystal structure the angle between the planes of rings o and f is
45°, This discrepancy is ascribed to the effect of intermolecular
interactions in the crystal. A second problem inherent to the
quantum chemical calculations refers to the o-amino-carboxyl
function that in the solid state as well as in solution exists as a
zwitterionic form. In the calculations the non-ionic form represents
the structure of lowest energy, and any attempts to achieve a local
energy minimum with a zwitterionic structure failed. Consequently,
all experimental vibrational bands that originate from the zwit-
terionic moiety could not be reproduced by the calculations. These
are particularly the relatively strong IR bands at ca. 1600 cm ' that
partially obscure the aromatic ring modes, which in turn are
dominant in the Raman spectra (vide infra). Conversely, all cal-
culated modes that originate from the non-ionic z-amino-carboxyl
group were not considered for the vibrational assignments.

The theoretical frequencies are associated with a systematic
error, mainly due to the insufficient consideration of electron-cor-
relation effects and the neglect of anharmonicity. It has been shown
previously that scaling of the force field can efficiently compensate
these errors (Pulay et al. 1983; Magdo et al. 1999). In this way,
accuracy in the frequency calculation of ca. 10 cm™' can be
achieved. At the B3LYP/6-31G* level the scaling factors that refer
to different internal coordinates are very similar. Thus, we have
simplified the procedure by adopting a uniform factor to scale the
frequencies directly. Determination of this factor was based on
the highest frequency ring modes a(1) and (1) that $ive rise to the
strongest Raman bands between 1570 and 1600 cm™ (Harada and
Takeuchi 1986). The factor was chosen such that the best agree-
ment was achieved between the calculated and the experimental
frequencies for three iodothyronines (T4, T3, and 3,5-diiodothyr-
onine). This simplified scaling procedure is associated with an av-
erage error of the frequency prediction that is estimated to be
higher by a factor of 2 than in the case of force field scaling.
Nevertheless, this reduced accuracy is considered to be sufficient for
a consistent assignment of most of the observed bands, inasmuch as
in the spectral region of interest the average density of modes per
wavenumber interval is less than 1 per 20 cm '. Moreover, addi-
tional assignment criteria are provided by calculated Raman and
IR intensities, which were classified semi-quantitatively in terms of
very strong (vs), strong (s), medium (m), weak (w), and very weak
(vw) intensities (Table 1). Whereas a detailed vibrational analysis
of T4 as well as of T3 and 3,5-diiodothyronine will be presented
elsewhere (R.M.S. Alvarez et al., in preparation), the present report
focuses on the results obtained for those spectral regions which
undergo changes upon T4 binding to PC.

Results

Raman spectra of T4, PC, and T4/PC complexes were
recorded in the frequency range between 150 and
4000 cm . Figure 2 presents the spectra of the T4/PC
mixture (A) and PC (B). In order to determine the in-
teractions of T4 with PC (C), the Raman spectrum of the
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Table 1. Comparison of calculated and experimental Raman and IR bands in selected spectral regions®

Calculated modes

Experimental bands

T4, IR T4, Raman T4/PC, Raman
v (cm l) Iir Ira Assignment v (cm l) Lir v (cm 1) Ira v (cm l) Ir.
1591 m Vs p(1) 1582 m 1580 s 1584 m
1576 w Vs a(l) - - - - - -
1560 m s pQ2) - - 1567 m - -
1537 m m o(2) 1538 m 1538 m - -
1232 VW s p(6) 1229 w 1229 w - -
1227 VW w Residue - - - - - -
1223 s s Co-O 1242 s 1238 m 1243 m
1210 w w Cop2-Cop3 - - 1215 VW - -
1205 VW VW o(6) 1207 VW 1205 VW - -
1168 w w Cp-O 1184 w 1177 m 1212 w
1092 w m C-N 1048 w - - - -
1038 w S o(7) 1053 w 1053 s 1053 S
1028 VW s p(7) 1040 VW 1038 S 1040 s
2%x492 - - 27(f) - - 857 S - -
881 w w o(9) 882 m - - - -
864 VW m pO) 850 m 847 w -
805 w w Residue - - - - - -
801 m s Ring def 829 m 828 s 819 m
492 VW w (f) 430 - - - - -
225 vw w C-1p - - 221 Vs 216 Vs
214 W w C-la — — 190 Vs 186 Vs

“Raman (Ir,) and IR intensities (Ijr) are classified as very strong
(vs), strong (s), medium (m), weak (w), and very weak (vw).
Assignments are given in terms of the principal mode character:

pure PC (B) was subtracted from the T4/PC mixture (A),
such that the characteristic PC bands disappeared in the
difference spectrum. No obvious subtraction artefacts,
such as negative peaks, were observed in the difference
spectrum (Fig. 2C). Note that this subtraction proce-
dure was based on several bands in the entire frequency
range from 150 to 4000 cm '. The underlying assump-
tion of this approach is that the structure of PC and,
thus, the Raman bands of the lipid are not affected upon
T4 binding. Structural changes of the PC would be most
sensitively reflected between 2800 and 3200 cm ' (not
shown here) (Verma and Wallach 1984). However, ow-
ing to the relatively low signal-to-noise ratio and the
broad and poorly structured peaks in this region, the
possibility of structural changes in the PC can neither be
ruled out nor confirmed. In the region between 150 and
1800 cm ! the PC bands partly overlap with some of the
T4 bands. Thus, for these T4 bands, determination of
possible spectral changes is associated with a signifi-
cant uncertainty since even small variations of PC
Raman bands may cause artificial frequency or
intensity changes of the adjacent T4 bands in the
difference spectrum. Consequently, the analysis of the
membrane-induced spectral changes of T4 will be
restricted to those spectral regions that do not include
PC bands.

The strongest Raman bands of thyroxine are ob-
served at 190 and 221 cm ™' (Fig. 3) and originate from
the symmetric C-I stretching vibrations of rings o and f3,
respectively. In the membrane bound state, both modes
shift to lower frequencies by 4 and 5 cm ', respectively.

a(i), p(i), ring stretching; t(x), ©(p), ring deformation; the notation
for further stretching coordinates is derived from Fig. 1

In the region between 400 and 1000 cm ' (Fig. 4), the
only band that can reliably be detected in the difference
Raman spectrum (T4/PC — PC) (A), isfound at 819 cm ',
which corresponds to the 828 cm ' band in the Raman
spectrum of pure T4 (Fig. 4B). This band also exhibits a
considerable IR intensity (Fig. 4C) and, hence, it is as-
signed to an aromatic ring deformation mode in view of
the agreement with the calculated frequency (801 cm™)
and the predicted IR and Raman intensities (Table 1). A
second prominent IR band is found at 850 cm™', which
in the Raman spectrum of T4 is only detectable as a
shoulder of the substantially more intense 857 cm !
band. Conversely, this latter band has no counterpart in
the IR spectrum. The only fundamental calculated in
this spectral region is the symmetric ring mode f(9). The
corresponding mode of ring « is predicted at 881 cm !
and readily attributed to the IR band at 882 cm'. On
the basis of this assignment, there is no other funda-
mental mode that could plausibly be ascribed to the
857 cm™' Raman band. This situation is reminiscent of
the vibrational band pattern of tyrosine. In this case,
two relatively intense Raman bands between 830 and
850 cm ! are assigned to a Fermi doublet of a totally
symmetric ring vibration and an overtone of a ring out-
of-plane mode (Siamwiza et al. 1975; McHale 1982).
Adopting the same interpretation to the 850/857 cm !
doublet in thyroxine, the only candidate for the overtone
is the second harmonic of the out-of-plane deformation
mode of ring 5, 7(ff). The fundamental of this mode is
assigned to the 430 cm ' IR band, although the differ-
ence to the theoretical frequency (492 cm ') is relatively
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Fig. 2. Raman spectra of A a T4/PC mixture and B of PC. The
difference spectrum (“A minus B”’) that is shown in C represents
the spectrum of T4 bound to PC.

large. However, this discrepancy can be understood in
terms of the substantial deviation in the dihedral angles
of the ring a/ring f linkage (see above), which may have
a specifically strong impact on ring out-of-plane modes.
Following this assignment, the 7(f) overtone is readily
attributed to the band at 857 cm™'. Thus, both require-
ments for a Fermi-type overtone enhancement are ful-
filled: the energetic proximity to a fundamental [f(9)]
and the localization of both modes in the same part of
the molecule (ring f§). In the difference Raman spectrum
of the T4/PC complex this doublet cannot be observed
(Fig. 4A). For this reason, it is concluded that the fre-
quencies of either f(9) or t(f) or both are shifted upon
membrane binding such that the energy gap to the (9)
fundamental is too large for an enhancement of the (/)
overtone. This band as well as the intrinsically weak £(9)
fundamental does not exceed the noise level in the dif-
ference Raman spectrum.

In the region between 1000 and 1800 cm™' (Fig. 5)
the frequencies of the most intense bands at 1038 and
1053 cm ! are essentially unchanged upon binding to PC
vesicles and only their relative intensities are altered.
These bands are ascribed to stretching modes of ring o
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Fig. 3. Raman spectra of A T4 bound to PC and B pure T4 in the
region between 150 and 400 cm'. The spectral contributions of PC
are subtracted in A

and of the C-N bond. On the other hand, there is a
distinct frequency upshift by 6 cm ' for the 1238 cm !
band. This band is assigned to the Ca-O stretching mode
calculated at 1223 cm ™' and predicted to exhibit strong
Raman and IR intensity, in agreement with the experi-
mental findings (Fig. 5B and C). Close to the 1244 cm !
band, the difference spectrum (Fig. 5A) displays a weak,
albeit clearly detectable, band at 1212 cm '. In view of
its similar relative intensity, this band may correspond to
the 1177 cm ' band of pure T4, which is attributed to
Cp-O stretching. This tentative assignment suggests that
membrane binding induces a substantially larger fre-
quency upshift of this mode as compared to Co-O
stretching.

It cannot unambiguously decided whether or not the
band at 1291 cm ™! (ring o« mode) is affected upon com-
plex formation, since this band falls into a region of
strong Raman PC bands. For this reason, the disap-
pearance of this band in the difference spectrum may
represent a subtraction artefact. Remarkable changes
that cannot be attributed to such effects are noted for the
aromatic ring mode (1), which for pure T4 is found at
1580 cm . In the difference spectrum (Fig. 5A) the in-
tensity of this band is lowered such that its frequency,
which is evidently higher than in pure T4, cannot be
determined precisely.

Discussion

Essentially all the spectral changes that are observed in
the Raman spectrum of the T4/PC complex refer to
modes that are localized in ring f and the ether bridge.
It is therefore concluded that binding to membranes
primarily occurs via this apolar part of the molecule.
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Fig. 4. Raman spectra of A T4 bound to PC compared to B the
Raman spectrum and C the IR spectrum of pure T4 in the region
between 400 and 1000 cm '. The spectral contributions of PC are
subtracted in A

Conversely, except for the C-I stretching, ring o modes
as well as those of the alanine residue remain unaffected.
These findings imply that T4 inserts into the phosphol-
ipid bilayers in such a manner that ring f5, the ether
bridge, and possibly also a part of ring « are anchored
between the aliphatic chains of the lipid via hydropho-
bic interactions. This conclusion is in agreement with
Lai et al. (1985), who suggested that the nonpolar
phenolic group of the hormone is close to the lipid core
of the liposomal membrane. As a consequence, the hy-
droxyl substituent of ring f§, which is not deprotonated
owing to its pK of 6.73 (Gemmill 1955), is transferred
from a polar to a hydrophobic environment associated
with the loss of hydrogen bonding interactions. In fact,
the environmental changes experienced by this substit-
uent may account for the disappearance of the Fermi
doublet at 850/857 cm'. In the case of tyrosine, the
intensity ratio of both band components, that reflect the
degree of overtone intensity enhancement, sensitively
varies with the type and strength of the hydrogen
bonding interactions of the hydroxyl group (Siamwiza
et al. 1975).

Furthermore, the insertion of T4 into the PC
bilayer also affects the geometry of the ether bridge, as
indicated by the upshifts of the C-O stretching modes.

1400 1600

Av/cm-’

1200

1000 1800

Fig. 5. Raman spectra of A T4 bound to PC compared with B the
Raman spectrum and C the IR spectrum of pure T4 in the region
between 400 and 1000 cm . The spectral contributions of PC are
subtracted in A

These frequency shifts may result from a reorientation
of the phenyl ring planes relative to each other and
from a distortion of the C-O-C bond angle. However,
preliminary calculations for T4 at different C-O-C
bond angles indicate that such a geometry change has
only a relatively small effect on the C-O stretching
frequencies. Thus, perturbations of the ring(a)-O-
ring(f) dihedral angles are more likely. This reorien-
tation of the phenyl rings probably affects also
in-plane and out-of-plane deformation modes of ring
B, which can be the origin of the large 9 cm ™' fre-
quency shift of the band at 828 cm ' and eventually
(at least partly) for the loss of the () overtone en-
hancement.

Even though there are no spectral indications for
changes of the ring o skeleton, the part of ring «
carrying the iodine substituents is likely to be accom-
modated into the bilayer as well, which is reflected by
the frequency shift of the corresponding C-I stretching
mode.
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